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Abstract:
This study assessed whether variations in the δ18O values of char formed from
biomass burning could be related to burning severity. Ground samples of white oak
(Quercus alba), red pine (Pinus resinosa), and big bluestem (Andropogon gerardii) were
charred for 5 and 30 minutes at constant temperatures between 200 and 900°C under
Char δ18O values became progressively

oxygenated versus anaerobic conditions.

depleted of 18O by up to 25.8‰ for wood and 16.5‰ for grass as temperature, duration of
burning, and amount of oxygen increased. The primary reason for the decrease in δ18O
values is the loss of
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O-enriched compounds such as cellulose at lower temperatures

(300-600°C). The large shifts in δ18O values observed in this study for charred plant
species suggest there is potential to use the δ18O values of char to estimate fire intensity
and duration to reconstruct paleo-fire dynamics (e.g., spreading rates, fuel types, degree
of burning, etc.) from char preserved in soils.

Keywords:
Big bluestem, Cellulose, Char, Experimental burning, Fire severity, Lignin,
Oxygen isotopes, Paleo-fires, Red pine, White oak
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Chapter 1: Introduction
Fire is an important control on the maintenance and distribution of many
ecosystems in North America and around the world, where periodic droughts, high
temperatures, and strong winds provide an environment conducive to wildfires (Ahlgren,
1974; Anderson, 1982; Wright and Bailey, 1982; Scholes and Andreae, 2000). For
example, Axelrod (1985) suggests that the global distribution of grasslands depends not
only on regional climate, but also on the burning history of the area. In addition,
wildfires can have detrimental effects on human populations by creating risks to lives and
infrastructure, modifying cultural and natural resources, and affecting air and water
quality (DeBano et al., 1998).

Recent concerns about the ramifications of climate

warming have resulted in predictions that there will be an increase in the frequency of
wildfires in coming years (Chapin et al., 2010). However, to put these estimates in
context, it is important to understand the frequency and intensity of fires that have
occurred naturally in the past. While the physical presence of charred organic matter
preserved in soils can provide evidence that an ecosystem has endured or been altered by
past fires, there is a paucity of information on the severity of these events (Hartford and
Frandsen, 1992; DeBano et al., 1998).
The goal of this study was to determine whether or not the δ18O values of charred
plant material could be related to fire intensity, namely the temperature and duration of
burning. The temperature and duration of a fire varies with the amount and type of
vegetation (i.e., tree versus grass), as well as moisture content (Czimczik et al., 2002). If
a relationship can be established between the δ18O values of charred plant material,
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burning temperature, and duration, then the δ18O values of ancient chars preserved in
soils may then be used to (1) reconstruct the intensity of past forest and grassland fires,
and (2) assess vegetation and ecosystem response to paleoclimate — in particular,
paleoaridity.
1.1

Background

1.1.1

The role of fire in maintaining vegetation
Burning is an important ecosystem process that modifies habitats and affects plant

biodiversity, having the ability to stimulate or hinder vegetation growth and expansion
(Anderson, 1982; Scholes and Andreae, 2000; Brown et al., 2005).

Indeed, fire is

perhaps one of the most important regulators in the spread and maintenance of
vegetation, particularly in grasslands, where burning has been shown to enhance growth
and increase the rate of nutrient cycling (Anderson, 1982; Axelrod, 1985; Collins and
Wallace, 1990). Grasses are better suited to withstand burning as their growing points
are located near the ground, whereas trees have more exposed growing points that make
them more susceptible to fire damage (Anderson, 1982). For example, Svejcar and
Browning (1988) demonstrate that burning of big bluestem (Andropogon gerardii) grass
on North American tallgrass prairies can nearly double peak tiller (i.e., shoot) numbers
from approximately 600 to more than 1,000 tillers/m2. Grasslands are susceptible to
burning anytime they are dry; however, vegetation will respond differently to fire
depending on fuel quality and composition, burning season, as well as regional climate
(Anderson, 1982).
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There are a number of environmental factors that influence fire behaviour,
including the amount, composition, and moisture of the vegetation, as well as the
humidity, air temperature, wind speed, and topography of the environment (Czimczik et
al., 2002; Certini, 2005). According to Certini (2005), fire severity, a term that describes
ecosystem responses to fire, is dependent on two constituents: (1) intensity, i.e., peak
temperatures and the rate at which a fire produces heat (Pyne et al., 1996; Knicker, 2007),
and (2) duration. Low to moderate severity fires can promote ecosystem renovation by
eliminating naturally accumulated organic matter and returning nutrients, e.g., nitrogen,
phosphorus, etc., to the soil (DeBano et al., 1998; Certini, 2005). Furthermore, members
of the semi-arid, shrub-dominated chaparral plant community — one of the most fireprone plant communities in North America — depend on fire for regeneration and
reproduction, where burning, smoke, or heat is required to facilitate the germination
process (Moreno and Oechel, 1991; Pyne et al., 1996).
1.1.2

Char formation and characteristics

1.1.2.1 Conditions of char formation and preservation
Commonly occurring as a product of wildfire, char is formed by incomplete
combustion of organic matter under reducing conditions (Chaloner, 1989; Kuhlbusch and
Crutzen, 1996; Bird, 1997; Poole et al., 2002). It is abundant throughout the fossil record
and can be found in many modern soils and sediments (Skjemstad et al., 1996). For
example, in ecosystems that experience frequent burning (e.g., grasslands, open
woodlands, and agricultural areas), charcoal typically accounts for between 10 and 35%
of the total organic carbon (TOC) in the soil (Skjemstad et al., 2002). Its abundance and
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resistance to alteration and degradation makes char an important source of
paleoenvironmental proxy data used to investigate both recent and ancient fire patterns
(Dowman, 1970; Scott, 1989; Pessenda et al., 1996).
Char typically has a high carbon content, anywhere from 60 to 90% (Scott, 2010).
The term black carbon (BC) is a general one used to describe various products of
incomplete combustion, including charcoals, chars, and soot originating from plant
material (Schmidt and Noack, 2000; Baldock and Smernik, 2002; Forbes et al., 2006).
The term charcoal is generally used when referring to wood; however, any organic matter
that has been heated in a reducing environment can be considered charcoalified, or
charred (Goldberg, 1985; Poole et al., 2002). Char production can occur after heating
plant material for just a few minutes at relatively high temperatures, i.e., greater than
400°C, or for several hours at relatively low temperatures, i.e., less than 190°C (Poole et
al., 2002).
A highly simplified yet useful chemical equation for char produced via the
combustion of woody material (after results from Oliveira et al., 1982; Beaumont, 1985;
Pyne et al., 1996; Schumacher et al., 2011) can be written as follows:
CXHYOZ (s) (± O2 (g)) → CAHBOC (s) + CO2 (g) + CO (g) + H2O (g) + HC (g)

(Eqn. 1-1)

whereby wood (CXHYOZ) composed primarily of hemicellulose, cellulose, and lignin
combusts (or is pyrolyzed) under oxygenated or anaerobic conditions to form char
(CAHBOC), carbon dioxide (CO2), carbon monoxide (CO), water vapour (H2O), and
hydrocarbons (HC). While CAHBOC may serve as a very basic chemical formula for
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charred organic matter, there is no definite chemical formula for char since the physical
and chemical properties of the original material and the environmental conditions under
which it was charred (e.g., oxygenated versus anaerobic conditions) dictate its ultimate
composition (Ascough et al., 2010).
Oxygen plays a crucial role in both the occurrence and formation of charcoal,
since fire could not spread without the presence of O2 (Watson et al., 1978), yet char is
generally formed in the absence of oxygen under reducing conditions (Scott, 2010).
Naturally formed chars can exhibit a range of characteristics depending on fuel source,
fire intensity and duration, weather conditions, and any other factors that might influence
fire temperature (Brown et al., 2006; Scott, 2010). Thermal ramping rates and final
temperatures of charcoal formation are known to significantly influence resultant char
properties, including its reflectance, carbon-isotope composition, size and surface area, as
well as moisture and ash content (Mackay and Roberts, 1982; Kercher and Nagle, 2003;
Brown et al., 2006).
Char exhibits a range of physical and chemical properties that may affect its longterm stability, and it has been suggested that post-depositional alteration is influenced by
char production conditions, especially temperature (Gleixner et al., 2001; Czimczik et al.,
2002; Ascough et al., 2010). For instance, Ascough et al. (2010) noted that there is a
continuum in charcoal degradation potential, whereby chars produced at lower
temperatures are more susceptible to chemical oxidation than those produced at higher
temperatures from the same plant material. The most significant chemical change that
occurs during char production is the transformation of lignin and cellulose into highly
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stable, condensed polyaromatic structures with few functional groups, making char
resistant to alteration and decay (Darmstadt et al., 2000; Dai et al., 2005; Eckmeier et al.,
2007). As a result, fire frequency histories can be partially reconstructed based on the
prevalence of fossilized char in soils and sediments, or with the use of chemical methods
to determine the amount of charred organic matter present (Bird and Cali, 1998; Krull et
al., 2003; Eckmeier and Wiesenberg, 2009).
1.1.2.2 Physical changes associated with charring
During charring, the overall mass of plant material decreases while its carbon
content increases with increasing temperature (Czimczik et al., 2002; Fernandes et al.,
2003; McParland et al., 2007). Notably, the anatomy of the plants from which chars form
is often preserved, thereby allowing for taxonomic identification (Scott and Glasspool,
2007; Scott, 2010). However, increased charring temperatures produce char that is more
brittle and, as a result, the preserved pieces are physically smaller and may fragment
more during transport and burial (Scott, 1989; McParland et al., 2007). The reflectance
and adsorptive power of organic matter also increases with charring temperature (PulidoNovicio et al., 2001; Poole et al., 2002; McParland et al., 2007). For example, Ascough
et al. (2010) investigated reflectance changes by producing char in the laboratory from
mangrove (Rhizophora apiculata) and Scots pine (Pinus sylvestris) tree species, where
mean reflectance values were found to increase from roughly 0.03 to 4.0 from 300 to
600°C. According to Ascough et al. (2010), reflectance increases with both temperature
and duration, and charring of organic matter enhances its adsorptive power. However,
upon burning of ground Japanese cedar (Cryptomeria japonica), Pulido-Novicio et al.
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(2001) found that wood showed the highest adsorption capacity when heated to 1,000°C,
but further heating up to 1,400°C drastically decreased its adsorption.

It was also

determined that specific surface area is related to the adsorptive properties of charred
wood, as it was observed to increase abruptly (49.7 to 230.7 m2/g) with increasing
temperature from 600 to 700°C, and then decrease (230.7 to 146.65 m2/g) with increasing
temperature above 700°C (Pulido-Novicio et al., 2001).
1.1.2.3 Chemical changes associated with charring
Plant material breaks down in well-described stages with increased charring
temperature. Upon heating, plant biomass undergoes thermal degradation that produces
volatile, flammable gases that give the appearance of burning (Rowell, 2005). At low
temperatures smoldering combustion releases volatiles and promotes char formation,
while pyrolysis occurs at higher temperatures and can result in complete combustion
(Liodakis et al., 2002). Smoldering or glowing combustion (generally occurring in fuels
that are more tightly packed) occurs when reactive char is oxidized. Flaming combustion
(a gas oxidation phase) can take place when the temperature of volatiles reaches 450–
500°C (Shafizadeh, 1984; Richard and Antal, 1994; Drysdale, 1999; Schmidt and Noack,
2000; Liodakis et al., 2002). As charring temperature increases, the carbon within plant
cell walls becomes more concentrated and ordered making the resultant char more stable
and resistant to degradation (Trompowsky et al., 2005; Cohen-Ofri et al., 2006; Ascough
et al., 2010). Molecular chains are ruptured during heating, causing organic substances to
volatilize, and polycondensation (i.e., chemical condensation involving the formation of a
polymer by linking together molecules of a monomer and releasing water) and

8
polymerization (i.e., monomer molecules reacting together to form three-dimensional
networks or polymer chains) processes occur (Ponomarenko and Anderson, 2001).
Wood absorbs heat as it dries at temperatures below 100°C, causing it to lose
moisture (Beaumont, 1985). The remaining moisture content is lost between 100 and
200°C, thereby allowing thermal degradation to begin (Beaumont, 1985).

At

temperatures above 200°C, plant polymers such as hemicellulose and cellulose start to
degrade as wood is converted into char; heat is absorbed and CO, CO2, acetic acid
(CH3COOH), and methanol (CH3OH) are produced (Oliveira et al., 1982; Beaumont,
1985; Pyne et al., 1996). Between 200 and 400°C, the solid plant matrix loses roughly
40% of its original mass, and hydrogen, CH4, and acetone ((CH3)2CO) are given off in
addition to the aforementioned vapours (Oliveira et al., 1982; Beaumont, 1985). At
400°C, the conversion of wood into char is nearly complete, and at 500°C, the solid plant
matrix has lost approximately 70% of its original mass, having almost completely
volatilized the aliphatic (i.e., the organic compounds in which carbon atoms form open
chains, not aromatic rings) and oxygen-rich portions of hemicellulose, cellulose, and
lignin (Oliveira et al., 1982; Beaumont, 1985; Trompowsky et al., 2005).
Raveendran et al. (1996) noted that char yield, along with volatile gas production,
varies with the ratio of lignin to cellulose and hemicellulose components, and that lignin
is thermally degraded very slowly at a minor level in comparison to hemicellulose and
cellulose. During thermal degradation, hemicellulose decomposes first (220-315°C),
followed by cellulose (315-400°C) and then lignin (>400°C) (Yang et al., 2006). The
majority of hemicellulose and cellulose degrades between 300 and 375°C, with
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hemicellulose starting to thermally decompose around 225°C and completely degrading
by 325°C. Cellulose is more resistant to thermal decomposition until around 370°C and
then, over a very short temperature range, degrades almost completely, producing
combustible volatile gases (Rowell, 2005).
Unlike hemicellulose and cellulose (n.b., which are composed of polysaccharides
and degrade two to five times quicker), lignin consists of three kinds of benzene-propane
(C6H6-C3H8) and is heavily cross-linked, giving it very high thermal stability (Yang et al.,
2006). Lignin starts to decompose at around 200°C; however, it is much more resistant
to thermal degradation than hemicellulose and cellulose (Rowell, 2005). Lignin has the
highest heat of combustion, the highest char yield, and the lowest percent of volatiles. As
such, roughly 60 weight percent of lignin remains at 700°C, and about 33 weight percent
remains by 850°C, making lignin the component of plant biomass primarily responsible
for char production (Shafizadeh, 1984; Benner et al., 1987; Yang et al., 2006). For
example, according to Shafizadeh (1984), char production for whole wood is about 25%
at 400°C. While cellulose produces the most char (63.3%) at 325°C, this decreases to
16.7% by 400°C, but isolated lignin produces roughly 73% char at 400°C (Shafizadeh,
1984; Rowell, 2005).
Given that cellulose degrades rapidly from 250 to 400°C and lignin degrades
more slowly from 200 to 720°C (Williams and Besler, 1996; Xiao et al., 2001), changes
in the proportion of different wood components upon heating result in carbon-isotopic
variations (Czimczik et al., 2002; Ascough et al., 2008).

Numerous studies have

confirmed that charring has a small, but measurable effect on the carbon-isotope values
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of plants; therefore, it is still possible to differentiate between C3 and C4 plants based on
the δ13C values of chars preserved in soil (Pessenda et al., 1996; Czimczik et al., 2002;
Poole et al., 2002; McParland et al., 2007, etc.). Although the δ13C values of plant chars
have been widely studied, no consideration has been given to the extent to which charred
plant material has been changed in relation to its oxygen-isotope composition. For that
reason, this study gives thought to such isotopic changes by assessing how the
temperature and duration of charring affects the δ18O values of plant material.
1.1.2.4 Characteristics of plant ash
Ash is the residue mineral powder that remains after organic matter has been
completely combusted (Siddique, 2008). The species of plant material that is burned, as
well as the conditions under which it is combusted, will influence the physical and
chemical properties (e.g., amount and composition) of the resulting ash (Etiegni and
Campbell, 1991).

The complete combustion of woody plants generally results in

approximately 6 to 10% ash, and wood ash typically contains carbon in the range of 5 to
30% (Campbell, 1990). The other major elements that constitute wood ash include
calcium (7-33%), potassium (3-4%), magnesium (1-2%), phosphorus (0.3-1.4%),
manganese (0.3-1.3%), and sodium (0.2-0.5%) (Campbell, 1990). Additionally, Misra et
al. (1993) noted that sulfur is also present in wood ash at around 1%, along with iron,
aluminum, copper, zinc, silicon, and boron in smaller quantities. While oxygen is also
present in wood ash, nitrogen content is generally considered insignificant since most of
the wood nitrogen is converted to NH3, NOx, and N2 gases during the combustion process
(Misra et al., 1993).
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Etiegni and Campbell (1991) obtained X-ray diffraction (XRD) data to determine
the presence of various compounds in wood ash and found that the major oxides present
were lime (CaO), calcite (CaCO3), portlandite (Ca(OH)2)), and calcium silicate
(Ca2SiO4). Similarly, Misra et al. (1993) used the results of inductively coupled plasma
emission spectroscopy (ICPES) and XRD analyses to determine the minerals present in
wood ash and found that low temperature (600°C) ash exhibited strong peaks indicative
of calcium carbonates (CaCO3 and K2Ca(CO3)2), whereas high temperature (1,300°C) ash
contained calcium and magnesium oxides (CaO and MgO) as the main compounds.
Upon pyrolysis reactions in the thermal combustion elemental analyzer (TC/EA), the
oxide minerals present in plant ash can release oxygen that influences the δ18O values
measured for char. Since ash does not properly combust in the TC/EA, residual material
can result in a memory effect that can affect the δ18O values of subsequent char samples
and reference standards. As such, in laboratory studies it is very important to ensure that
the δ18O values of char are not contaminated by oxygen contributed from plant ash. Plant
ash can also be preserved alongside char in soils if dissolution is prevented by aridity,
deep burial, or if the surrounding sediments are neutral to alkaline (Canti, 2003).
Therefore, whether chars have been experimentally produced in the laboratory or found
preserved naturally in soils, ash should be removed prior to TC/EA analysis either by
manual separation or by chemical treatment (e.g., soaking for 24 hours in 0.5 M
hydrochloric acid in order to dissolve and remove calcitic ash; Ascough et al., 2008).

12
1.1.3

Structure and chemical composition of plants

1.1.3.1 Principle components of plant biomass
Plant biomass consists of three main components: hemicellulose, cellulose, and
lignin. All three are structurally and compositionally dissimilar from one another and are
present in different amounts across tree and grass species. Compositional differences
among these principal chemical components result in selective degradation during
charring. In a broad, general context, hemicellulose, cellulose, and lignin account for
approximately 20-40, 40-50, and 5-30% of plant dry weight, respectively, and together
account for roughly 70-90% of most plant tissues (Benner et al., 1987; McKendry, 2002).
In addition to these three main components, the remaining 10-30% of plant biomass
includes minor amounts of lipids, carbohydrates, amino acids, polysaccharides (i.e.,
starches, pectins, proteins), as well as mineral matter, which can potentially influence the
charring of biomass (Benner et al., 1987; Di Blasi et al., 1999; Yang et al., 2006).
Hemicellulose and cellulose polymers account for the major carbohydrate portion
of wood, with starch and pectin polymers existing in minor amounts (Stamm, 1964).
Collectively, the structural polysaccharides hemicellulose (15-25%) and cellulose (4045%) are often referred to as holocellulose, which forms approximately 65-70% of wood
dry weight (Benner et al., 1987; Rowell, 2005). Hemicellulose has a random, amorphous
structure, giving it very little strength, whereas cellulose is a long, branchless polymer of
glucose (C6H12O6) units and is often crystalline and strong, making it more resistant to
thermal degradation than hemicellulose (Yang et al., 2006). Cellulose, the most abundant
organic chemical on Earth, can be either crystalline or non-crystalline, and accessible or
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inaccessible to water and microorganisms during decay of organic matter (Rowell, 2005).
The majority of wood derived cellulose is highly crystalline, containing upwards of 65%
crystalline regions, while the remaining cellulose has a lower packing density and is
therefore amorphous (Rowell, 2005). Lignin is a fundamental constituent of cell walls in
all vascular plants, accounting for 4-9 and 17-31% of the biomass of herbaceous and
woody plant tissues, respectively (Benner et al., 1987). Lignin is amorphous, highly
complex, and consists mainly of aromatic polymers of phenylpropane units made up of
C-O-C and C-C linkages.
1.1.3.2 Structure and composition of hardwood and softwood tree species
A tree trunk can be divided into six distinct concentric layers. From the outside of
the tree inwards, these layers include: (1) the outer bark and cork; (2) the inner bark, or
phloem; (3) the vascular cambium (the cell layer between the bark and the wood that is
responsible for producing tree tissue, including the xylem cells); (4) the sapwood (the
active wood responsible for carrying water from the roots to the leaves); (5) the
(nonconductive) heartwood, and (6) the pith (Rowell, 2005). Wood is produced by the
vascular cambium and forms collections of cells known as growth increments, or rings,
which can be divided into earlywood (cells that form at the beginning of the growth
increment) and latewood (cells that form towards the end of the growth increment)
(Rowell, 2005). In regions where there are distinct seasons (e.g., temperate areas of the
world), wood is produced in annual growth increments as a tree grows, whereby all the
wood produced in a single growing season becomes organized into identifiable growth
rings (Rowell, 2005).
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There are two broad categories of tree species: softwoods, which belong to the
group of gymnosperms (mostly conifers), and hardwoods, which are angiosperms
(flowering plants).

Softwood and hardwood tree species differ in terms of their

component cells, whereby hardwood cells contain vessels (i.e., pores) and softwoods do
not (Rowell, 2005).

According to Rowell (2005), softwoods include needle-leaved,

evergreen tree species such as red pine (Pinus resinosa), whereas hardwoods include
broadleaved, deciduous trees such as white oak (Quercus alba). Softwood and hardwood
tree species contain roughly similar amounts of cellulose, while there is often more
hemicellulose in hardwoods and generally more lignin in softwoods (Benner et al., 1987).
Hardwoods generally contain less lignin (18-25%) than softwoods (25-35%) (Sjöström,
1981; Sakakibara and Sano, 2001). Given that lignin has a higher thermal resistance than
cellulose (Shafizadeh, 1984; Raveendran et al., 1996; Yang et al., 2006), softwoods might
be more resistant to chemical and isotopic changes that occur during charring.
1.1.3.3 Structure and composition of Andropogon gerardii grass
Andropogon gerardii (big bluestem) is a warm-season, perennial C4 grass that is
native to and widely distributed throughout prairies and open woods of temperate regions
of North America (Waller and Lewis, 1979; Risser et al., 1981; Selbo and Snow, 2005).
It is known as a bunch grass as it usually grows in dense stands as tufts or bunches,
growing between 2 and 3 meters in height at maturity (Selbo and Snow, 2005). Big
bluestem grows best in full sun to partial shade with moist, fertile soil, and is a selfincompatible, wind-pollinated grass species that flowers from July through August
(Keeler, 1990; McKone et al., 1998). It has bluish-green foliage (n.b., blades grow to
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upwards of 30 cm in length and get to be approximately 1.5 cm wide), and is an ideal
grass to study given its widespread occurrence in tallgrass prairie ecosystems (Selbo and
Snow, 2005). On a percent dry basis, bluestem grass — big and little (Schizachyrium
scoparium), pooled — contains approximately 28-34, 32-36, and 4-9% hemicellulose,
cellulose, and lignin, respectively (Allen et al., 1976), similar to ranges reported for other
C3 and C4 grass species (Sullivan, 1955; Cox and Webster, 1961). Moreover, as the
growing season advances from May through November, Allen et al. (1976) found that
cellulose and lignin content increases, while hemicellulose generally declines with grass
maturation.
1.1.4

Stable isotope systematics of plants
Detailed studies of the natural abundance of the stable isotopes, particularly those

of the lighter elements, have produced a substantial body of knowledge on how these
elements relate to plant ecophysiology and move through biogeochemical cycles.
Isotopes are atoms of the same element that contain the same number of protons but have
different numbers of neutrons in the nucleus (Sulzman, 2007).

Stable isotopes are

energetically stable and, therefore, they do not decay (i.e., they are not radioactive), and
isotopes of a given element all have the same name and are designated by mass numbers.
For example, the atom of atomic number 8 and mass number 18 is named oxygen-18 and
has the symbol 18O. The two extra neutrons that are present in the 18O isotope make the
nucleus “heavier” than the 16O isotope. As a consequence, “heavy” and “light” isotopes
do not react in exactly the same manner, even though their chemical structures are
virtually indistinguishable (Sulzman, 2007). Stable-isotope ratios are a measure of the
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relative proportion of the heavy and light stable isotopes, and are generally expressed in
parts per thousand (or permil; ‰) relative to an international standard (Sulzman, 2007).
1.1.4.1 Carbon isotopes in plants
Plants are

13

C-depleted relative to atmospheric CO2 as a result of enzymatic and

physical processes that discriminate against

13

C in preference of

12

C (Lajtha and

Marshall, 1994; Czimczik et al., 2002). The 13C to 12C ratio of CO2 in air yields a δ13C
value of approximately -8‰ (relative to Vienna Pee Dee Belemnite; VPDB), whereas C3
plants (e.g., trees, shrubs, and temperate grasses) and C4 plants (e.g., tropical grasses)
yield lower values in the range of approximately -20 to -30‰ and -10 to -15‰,
respectively (Ehleringer et al., 1997, 2002; McCarroll and Loader, 2004). The isotopic
fractionations responsible for the 13C-depletion observed in plants relative to atmospheric
CO2 occur during photosynthesis and correspond to (1) the preferential diffusion of 12CO2
through the stomata of the plant into the intercellular system, and (2) carboxylation, i.e.,
CO2-fixation (Ehleringer et al., 2000). As the relative resistivities of stomatal diffusion
and carboxylation vary, isotopic fractionation also changes (Czimczik et al., 2002).
Ambient light intensity, humidity, soil water availability, and temperature also regulate
isotopic fractionation within plants (Ehleringer et al., 2000; Czimczik et al., 2002).
The carbon isotopic signatures of plants are related to their photosynthetic
pathways, which are different for C3 and C4 plants (Bender, 1968; Smith and Epstein,
1971; Ehleringer and Vogel, 1993). As C3 plants extract CO2 from the atmosphere, they
preferentially incorporate
13

12

CO2 into fixed carbon, which results in δ13C values that are

C-depleted relative to atmospheric CO2 (Beuning and Scott, 2002; McCarroll and
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Loader, 2004). C4 plants also preferentially incorporate

12

CO2 into their tissues in the

form of a four-carbon acid (i.e., oxaloacetic acid, C4H4O5); however, the fractionation
that takes place between C4 plants and CO2 is less than what occurs in C3 plants and,
therefore, C4 plants have higher δ13C values (Kanai and Edwards, 1999; Beuning and
Scott, 2002).

Subsequently, carbon isotopic signatures are frequently used to

differentiate C3 and C4 plants as well as organic residues from one another, given that C3
plants have average δ13C values of -27 ± 5‰, while C4 plants have average δ13C values
of -13 ± 4‰ (Bender, 1971; Smith and Epstein, 1971; Smith and Brown, 1973).
Individual plant compounds have different stable isotope compositions, which can
vary considerably as a result of different fractionation processes (Brugnoli and Farquhar,
2000). For example, in comparison to whole plant material, lipids (n.b., which include
fats, waxes, sterols, etc.) are markedly depleted by 5 to 10‰ of 13C relative to the whole
plant because of secondary fractionations associated with the decarboxylation of acid
(DeNiro and Epstein, 1977; O'Leary, 1981; Melzer and Schmidt, 1987). In general,
Gleixner and Schmidt (1997) found that secondary plant products are more depleted of
13

C relative to atmospheric CO2 than primary products. For instance, lignin, which is a

secondary plant product, is known to be 13C-depleted in comparison to cellulose, which is
formed from primary photosynthetic products (Galimov, 1985; Gleixner et al., 1993).
Differences among primary and secondary plant products have been attributed to isotope
effects associated with the fructose-1,6-bisphosphate aldolase reaction, as described in
detail by Gleixner and Schmidt (1997), as well as fractionation during transport of
metabolites (i.e., the intermediates and products of metabolism). Further, the differing
chemical compositions and δ13C values of individual plant compounds may be
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responsible for the differences in the δ13C values of whole wood. For example, different
proportions of lignin (lower δ13C values) and cellulose (higher δ13C values) might
account for the range of variation reported for whole wood δ13C values (Brugnoli and
Farquhar, 2000). Another explanation for varying δ13C values among different plant
components is that some plant compounds and structures may form at different times
during different stages of development, when the contribution of diffusion and
carboxylation limitation may be much different (Brugnoli and Farquhar, 2000).
1.1.4.2 Carbon isotopes in plant char
Organic matter is subject to thermal degradation upon burning, and a myriad of
recent studies have determined that the process of charring results in a slightly enriched
or depleted carbon isotopic signature, i.e., ± 0.1 to 2.0‰ (e.g., Beuning and Scott, 2002;
Czimczik et al., 2002; Poole et al., 2002; Turney et al., 2006; Ascough et al., 2008, etc.).
These slight changes in carbon-isotope composition could be the result of variation in the
δ13C values of specific organic components and the changes in the relative proportions of
these molecules during charring (Poole et al., 2002). For example, Czimczik et al. (2002)
found that charring at 150°C led to an enrichment of

13

C in charcoal relative to the

original wood δ13C values, and charring above 150°C yielded 13C-depleted chars. It was
speculated that the

13

C-enrichment at 150°C resulted from the loss of lipids, and a

depletion of 13C in chars at 340°C was associated with the dominant loss of 13C-enriched
cellulose and an increase in the proportion of 13C-depleted lignin. Ultimately, however,
given that δ13C measurements of replicate samples from the same plant can vary within
1-2‰, it has been resolved that charred modern wood and grass samples preserve the
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carbon-isotope composition of the parent plant photosynthetic pathway (Beuning and
Scott, 2002).
1.1.4.3 Oxygen isotopes in plants
The δ18O values of terrestrial plant matter provide a record of leaf evaporative
environment as well as the δ18O values of plant source water, allowing for climate
reconstruction from the δ18O values of plant tissues, including temperature, relative
humidity, and H2O availability (Burk and Stuiver, 1981; Edwards, 1993; Barbour et al.,
2005). The oxygen-isotope composition of plant organic matter largely reflects that of
the source water feeding the plant (Epstein and Yapp, 1976; Sternberg and DeNiro,
1983).

Since plants take up H2O from moisture in the soil and not directly from

precipitation, fractionation and mixing can occur in the soil column before water is
incorporated in the plant (Allison et al., 1984; Darling, 2004; McCarroll and Loader,
2004). Moreover, the oxygen-isotope composition of plant water will remain the same as
the soil water taken up by the plant until H2O is lost from transpiration occurring in the
leaves, resulting in
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O-enriched leaf water (Webb and Longstaffe, 2003). The carbon,

hydrogen, and oxygen isotopic signatures that trees obtain from soil water and
atmospheric CO2 become slightly modified and subsequently fixed in their annual growth
rings, providing a record and means for reconstructing past environments and climate
(McCarroll and Loader, 2004). Since climate and the δ18O values of precipitation change
throughout the growing season, the oxygen-isotope composition of tree cellulose will
vary between early and late wood in a single annual ring, and adjacent trees with different
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periods of photosynthetic activity can record different parts of the growing season
(Epstein and Yapp, 1976; Friedman et al., 1988; Edwards, 1993).
There is no fractionation of H2O during uptake by the plant (Dawson and
Ehleringer, 1991). However, there are three main factors that change the δ18O values of
water in plants and establish the oxygen-isotope composition of plant cellulose: (1)
variation in the δ18O values of the soil water feeding the plant (Dawson and Pate, 1996;
Barbour et al., 2005); (2) 18O-enrichment of leaf water during the process of transpiration
(Saurer et al., 1998); and (3) the biochemical pathways that exist within the plant and
variation in the oxygen-isotope composition of H2O in the cells forming organic matter
(Gazis and Feng, 2004). According to Roden et al. (2000), the cellulose oxygen-isotope
ratio (δ18Ocellulose) can be modeled using the equation:
δ18Ocellulose = fo(δ18Owx + ε) + (1 - fo)(δ18Owl + ε)

(Eqn. 1-2)

where fo is the fraction of carbon-bound oxygen in photosynthetic sugars, approximately
42%, which exchanges with medium water during the formation of cellulose; δ18Owx is
the oxygen-isotope value of water at the site where cellulose is formed; ε is the
biosynthetic fractionation related to cellulose and sugar production, equal to 27‰; and
δ18Owl is the oxygen-isotope value of leaf water at the site where photosynthetic CO2
becomes incorporated in the leaf.
When cellulose begins to form, CO2 enters plant leaves through stomatal pores
and comes together with

18

O-enriched leaf water, resulting in the production of sucrose

(C12H22O11) (Roden et al., 2000; McCarroll and Loader, 2004; Webb and Longstaffe,
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2006). Sucrose that is formed in the leaf is representative of the isotopic signature of the
leaf water from which it formed, but with an enrichment of 27‰ caused by the exchange
of carbonyl oxygen in organic molecules with H2O (Sternberg et al., 1986; McCarroll and
Loader, 2004).

The sucrose is then transformed into trunk-wood cellulose via the

exchange of oxygen atoms with xylem source water in the plant (Hill et al. 1995; Barbour
et al., 2001; Webb and Longstaffe, 2006). As discussed in section 1.1.3.1 (see above),
plant material consists of a number of different components (primarily hemicellulose,
cellulose, and lignin), which acquire their oxygen atoms from different sources and
through different synthesis reactions (Werner, 2003). Consequently, individual plant
components can have differing δ18O values (Werner, 2003); for example, the lignin
fraction of wood material can be 8 to 15‰ depleted of
cellulose is on average 5‰ enriched in

18

18

O relative to cellulose, and

O relative to whole wood while lignin is

markedly 5‰ depleted (Gray and Thompson, 1977).
1.1.4.4 Oxygen isotopes in plant char
Although there are no previous studies that assess the δ18O values of plant char, it
is possible to predict how charring might affect the oxygen content and δ18O values of
plants based on the results of other studies. For example, in 2005, Trompowsky et al.
conducted elemental and thermogravimetric analyses on two separate species of
eucalyptus charcoal at various charring temperatures, from 300 to 550°C. Their results
revealed an increase in the relative percentage of carbon (~69 to 90%), while a decrease
was found in the relative content of hydrogen (~4 to < 3%) and, notably, oxygen (~27 to
< 12%). Trompowsky et al. (2005) noted that the oxygen-rich portions of hemicellulose,

22
cellulose, and lignin are almost completely volatilized at temperatures greater than
500°C. However, as indicated by their results, these compounds are not lost entirely.
Further, Munro et al. (2008) investigated the effects of heating white-tailed deer leg bone
on its oxygen-isotope composition. After heating samples from room temperature to
900°C, results showed that original δ18O values of structural carbonate in bone bioapatite
were preserved (± 2‰) for up to approximately 250°C; however, at temperatures above
250°C, δ18O values became progressively lower relative to original values by as much as
8‰. Although the effects of heating animal bone cannot be directly equated to heating
plant material, the oxygen content and δ18O values of plants selected for charring as part
of this study were also expected to decrease with increased charring temperatures.
Again, individual plant components can obtain their

18

O signatures from

independent sources and through different formation processes, resulting in contrasting
18

O signatures (Werner, 2003).

Gray and Thompson (1977) measured the oxygen

isotopic composition of whole wood, cellulose, and lignin for five-year groups of tree
rings from a white spruce (Picea glauca) and determined that cellulose was 3.8 to 6.1‰
enriched in 18O relative to whole wood, while lignin was 4.2 to 8.9‰ depleted relative to
whole wood. Furthermore, Gray and Thompson (1977) found that extracted cellulose
was on average 10.5‰ enriched in 18O relative to extracted lignin. Similarly, Ferrio and
Voltas (2005) found that the δ18O values of the main constituents of an Aleppo pine
(Pinus halepensis) differed considerably, with average holocellulose (hemicellulose and
cellulose combined) δ18O values being 3.7‰ higher than whole wood and average lignin
δ18O values being 5.0‰ lower than whole wood, thus making lignin 8.7‰ depleted in
18

O relative to holocellulose.

Organic matter with different physical and chemical
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properties, containing different proportions of these isotopically distinct biomolecules,
will burn dissimilarly. Therefore, given that the oxygen-isotope composition of whole
plant material is a composite of the δ18O values of its constituents, the observed δ18O
values of chars produced at various temperatures under different conditions should be the
result of the thermal decomposition of these individual components.
1.2

Objectives
To compare the effects of charring on the δ18O values of char produced from

vegetation containing different proportions of hemicellulose, cellulose, and lignin, the
δ18O values of char from three plant species typical of an oak savannah ecosystem were
investigated: (1) white oak (Quercus alba, a hardwood), (2) red pine (Pinus resinosa, a
softwood), and (3) big bluestem (Andropogon gerardii, a tall prairie grass). Samples
were chosen to reflect plant species that can be found currently growing at Pinery
Provincial Park, which is located on the eastern shore of Lake Huron in southwestern
Ontario, Canada. This globally rare habitat contains much of the remaining oak savanna
woodland in North America and is a transition zone between prairie grasslands and oak
forests that are kept balanced by periodic fires (Ensign et al., 2006). Burning tree and
grass species in the laboratory at different temperatures for different durations will
simulate the effects of charring intensity and duration. While experimental burning of
plant material in a furnace does not reflect the full complexity of the variations in
charring temperature endured by organic matter during a wildfire, it will nevertheless
provide better insight into the charring process and how it affects plant oxygen-isotope
composition. If the δ18O values of charred wood and grass material can be related to the
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temperature and duration of burning, then perhaps the δ18O values of ancient chars
preserved in soils can be used to interpret the severity of past forest and grassland fires
and, moreover, increase our understanding of these events.

25

Chapter 2: Methods
2.1

Sample selection and collection
Three plant species were selected for charring: Quercus alba (white oak) and

Pinus resinosa (red pine), a hardwood and a softwood tree species, respectively, and
Andropogon gerardii (big bluestem), a tall prairie grass (Fig. 2.1). White oak (density (ρ)
≈ 0.86 g/cm3) and red pine (ρ ≈ 0.52 g/cm3) were both garnered in 2010 from a
lumberyard in Delaware, Ontario, and originated from the surrounding area sometime
before 2010. Living big bluestem (ρ ≈ 0.06 g/cm3) was collected in late autumn of 2010
from Pinery Provincial Park, which is located on Lake Huron near the town of Grand
Bend, Ontario. All three of these plant species are native to southwestern Ontario and are
presently growing at Pinery Provincial Park, an oak savannah ecosystem that experiences
periodic controlled burns. Consequently, chars produced from all three of these plants
can be found preserved in the soils at Pinery Provincial Park, thereby allowing for future
comparisons of experimental chars produced in the laboratory with those formed
naturally during vegetation fires.
2.2

Sample preparation

2.2.1

Preparation of plant samples
Q. alba and P. resinosa tree trunks were cut horizontally into cross-sections

approximately 2.5 cm thick, thereby revealing their growth rings. A succession of six
growth rings was selected from the sapwood of each species and traced using pencil to
ensure only those rings would be utilized, as each ring represents one year of growth and
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the δ18O values of an annual ring will vary with the climatic conditions under which it
grew (Roden et al., 2000; McCarroll and Loader, 2004). The selected growth rings were
cut from the trunk cross-section and sanded using a coarse-grit sandpaper to further
ensure only the chosen rings would be used. The growth rings were then cut into thin
slices using a carving knife and placed inside a blender to be ground and thoroughly
homogenized. Once homogenized, the ground wood material was passed through a 0.5
mm sieve (Canadian Standard Sieve, 32 mesh; W.S. Tyler Company of Canada Ltd.);
larger material was further ground until it, too, was less than 0.5 mm in size and could
pass through the sieve.
A. gerardii grass was washed thoroughly by hand in distilled water before
grinding. The stems and blades were separated from each other and washed carefully
with water so as to ensure there were no soil or sand particles remaining on the grass.
Once washed, the grass was loosely packed into glass beakers and placed in a drying
oven (Lindberg – General Signal Furnace with Watlow controller) at 60°C for 72 hours
to dry. After the grass had fully dried, it was removed from the oven and cut into
smaller, more manageable pieces using a pair of scissors. Then, as with the tree species,
A. gerardii was placed inside a blender to be thoroughly homogenized and ground to pass
through a sieve with a 0.5 mm opening.
2.2.2

Extraction of cellulose from tree and grass species
Cellulose was extracted using the method outlined by Sternberg (1989), which

was taken from Wise (1944). The first step for extracting cellulose from finely ground
and homogenized wood and grass was delipification. For grasses, lipids were removed
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by soaking the material in 100% acetone ((CH3)2CO) for six to eight hours. The organic
solvent was later removed via centrifugation (Beckman J2-MI; 20 minutes at 17,000 rpm)
and the grass material was then left to soak in distilled water overnight. For wood
samples, lipids were removed by soaking the material in a two-to-one (2:1) benzeneethanol (C6H6-C2H6O) solution for 48 hours (n.b., minimum 99% purity for benzene and
100% ethanol). The effluent was removed by filtering the sample through a mediumsized frit on a vacuum flask. After the suction of the vacuum had dried the sample, it was
scraped from the frit and left to sit overnight to dry further. The following day the wood
sample was soaked in 100% acetone for 24 hours, and thereafter the liquid was removed
as before by using a medium-sized frit on a vacuum flask and then leaving it to sit
overnight to dry completely.
Soluble sugars were removed by boiling the ground plant material in distilled
water for one hour on a hot plate (Fisher Scientific). After one hour, the temperature of
the hot plate was reduced to and maintained at 70°C for the next extraction step, which
involved removing lignin and protein by adding 80% sodium chlorite (NaClO2) and
100% acetic acid (CH3COOH) to the mixture. For every 1.0 mL of acetic acid, 1.0 g of
sodium chlorite was added to the beaker; this produced an exothermic reaction and
caused the solution to turn a bright yellow colour. The solution was stirred every 15
minutes for one hour, and the addition of sodium chlorite and acetic acid was repeated
four more times at one hour intervals. Afterwards, the supernatant was removed via
high-speed centrifugation (20 minutes at 17,000 rpm) and the plant material was rinsed
with distilled water at least five times, or until the solution appeared clear and the pH
equaled that of distilled water.
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After removing lignin and protein, the last chemical constituent that needed to be
removed from the plant material was hemicellulose, and this was done by soaking the
samples in a 17% sodium hydroxide (NaOH) solution at room temperature for roughly 45
minutes. Again, the supernatant was removed and the extracted cellulose was rinsed five
times with distilled water using the high-speed centrifuge. The cellulose was then treated
with 10% acetic acid and left to sit for approximately 15 minutes before rinsing again
with distilled water until the solution obtained a pH equal to that of distilled water. The
final purified cellulose samples appeared white in colour and were freeze-dried (TriadLabconco), weighed, and stored for later use.
2.2.3

Extraction of acid-insoluble lignin from Q. alba and P. resinosa
Lignin was extracted using the Technical Association of the Pulp and Paper

Industry (TAPPI) T-222 method, which was described as an official method in 1983 and
revised in 2002. Foremost, it must be noted that a small portion of lignin dissolves in the
acid solution used in the extraction method outlined below and, therefore, it is
unattainable. In softwood tree species, such as P. resinosa, the amount of soluble lignin
is very small, approximately 0.2 to 0.5%. However, in hardwood tree species, such as Q.
alba, the amount of soluble lignin is slightly greater, between 3 and 5%. The TAPPI T222 method (2002) of lignin extraction extracts what is called “Klason” lignin, and uses
72% sulfuric acid to hydrolyze and solubilize the carbohydrate portion (i.e., cellulose and
hemicellulose) of wood.
Lipids were first removed from the finely ground and homogenized wood samples
using the same method outlined in section 2.2.2 of this thesis for cellulose extraction (see

29
above). Thereafter, cool 72% sulfuric acid (10 to 15°C) was added gradually, in small
increments, to a beaker containing the delipified wood sample and stirred continuously.
A watch glass was used to cover the beaker once the sample had been sufficiently
dispersed, and the solution was maintained at approximately 20°C for two hours, stirring
occasionally to ensure complete solution. Next, the wood/acid mixture was transferred to
a flask containing distilled water and diluted to a 3% sulfuric acid concentration and
boiled on a hot plate for four hours while maintaining constant volume by frequently
adding distilled water. After this step was complete, the acid-insoluble lignin was left to
settle overnight at the bottom of the flask. The following day, making sure not to stir up
the precipitate, the diluted supernatant solution was siphoned off using a filtering crucible
and the lignin was then manually transferred to the filter where it was washed free of acid
using distilled water. The final lignin product appeared light brown in colour and was
dried in an oven at 100°C for one hour, after which time it was removed, weighed, and
stored for later use.
2.3

Charring experiments

2.3.1

Charring of samples in the muffle furnace
One to 4 g aliquots of finely ground and thoroughly homogenized wood and grass

samples were charred in a muffle furnace at a constant temperature (between 200 to
900°C at 100°C intervals) for 5 and 30 minutes in order to assess the effects of charring
temperature and duration on plant oxygen-isotope compositions.

All samples were

weighed into ceramic crucibles and placed inside the furnace. For every temperature and
duration, two specimens of each wood and grass sample were placed in the furnace —
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one sample with a lid on to mimic oxygen-restricted conditions, and the other without a
lid to allow reaction in an oxygenated environment. After plant samples had been heated
at their respective temperatures for their specified duration, they were removed from the
furnace and set aside to cool at room temperature. A similar experiment was performed
for the charring of lignin and cellulose in the same muffle furnace.

For these

experiments, 0.07 to 1.25 g of wood lignin was charred in open and closed crucibles for
30 minutes in 100°C increments from 200 to 900°C. For cellulose, 0.5 to 1.5 g of
material was charred in open and closed crucibles for 30 minutes at temperatures from
200 to 600°C in 25 to 100°C increments. Smaller temperature increments (25°C) were
tested between 350 and 425°C where cellulose was expected to degrade rapidly based on
the findings of other studies (e.g., Oliveira et al., 1982; Rowell, 2005; Yang et al., 2006,
etc.). Complete combustion was achieved for the lid-off cellulose samples burned at
600°C and, consequently, no material remained.
2.3.2

Charring of wood and grass samples in a nitrogen atmosphere
In order to test the effects of entirely reducing (anaerobic) conditions on the δ18O

values of char, wood and grass samples (0.2 g) were placed in a tube furnace and heated
under a flow of ultra-high-purity nitrogen (N2) gas. These samples were pyrolyzed at a
constant temperature for 30 minutes from 200 to 900°C in 100°C increments. After 30
minutes, the plant samples were pushed out of the furnace but remained in a quartz tube
under the flow of N2 gas until cooled to room temperature.
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2.4

Sample characterization and isotope analyses

2.4.1

Sample characterization
Wood, grass, and char samples were assessed for changes in colour upon heating

using the Munsell Colour Chart System (see section 2.4.3 below). The mineralogy of ash
samples was determined through X-ray diffraction (XRD) using a Rigaku rotating-anode
diffractometer.

Thermogravimetric analysis (TGA) was used to establish thermal

stability and the temperatures at which wood and grass species were converted into char.
The TGA measures weight changes in a material as a function of temperature and time
under a controlled atmosphere. The SDT Q600, ThermoStar-Pfeiffer TGA was operated
under both nitrogen gas and airflow, allowing for comparison of charring under oxygenrestricted conditions versus oxygenated conditions. Samples between 5 and 10 mg were
weighed into small alumina pans and the temperature was then ramped from 25 to
1,000°C at a constant rate of 10°C/minute and held at a final temperature of 1,000°C for
5 minutes before being allowed to cool slowly back to room temperature.
2.4.2

Isotope analyses
The δ18O values of char samples were determined using a Thermo-Finnigan

thermal combustion elemental analyzer (TC/EA). Charred plant samples, along with a
set of known cellulose, sugar, and water standards, were weighed into small silver
capsules (3 x 2 mm). The samples were pyrolyzed at a temperature of 1,350°C and
converted to CO in the presence of glassy carbon. The CO gas was then passed through a
gas chromatograph (GC) set at 60°C on a stream of helium (He) gas (flow rate = 0.85 bar
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or 85 mL/min). With this configuration the run time was approximately 390 seconds (6.5
minutes) per sample with the CO peak eluting around 180 seconds (sample retention
time). A smaller peak was apparent before the primary CO peak for some char samples
with high ash content as well as the high-temperature grass chars. The smaller peak is
likely N2 gas and it was very depleted of

18

O, so proper separation of the peaks was

essential to ensure precise δ18O values were obtained. The CO was carried on a stream of
He gas from the TC/EA to a ThermoFinnigan DeltaPLUS XL stable-isotope ratio mass
spectrometer. All oxygen-isotope results are reported using delta notation relative to the
Vienna Standard Mean Ocean Water (VSMOW) standard in parts per thousand:
δ18O = (18O/16Osample)/(18O/16OVSMOW) - 1 (‰)

(Eqn. 2-1)

Reproducibility averaged ± 0.3‰ for the samples and ± 0.2‰ for a laboratory cellulose
standard. Cellulose and char δ18O values were normalized against two standards: ANU
sucrose, δ18O = +36.4‰ (Farquhar et al., 1997), and USGS-H2Olow, δ18O = -3.15‰, a
water standard obtained from the United States Geological Survey (Qi et al., 2010).
IAEA-C3 cellulose was used as an indicator of accuracy. The reported δ18O values of this
material range from +31.3 to +32.8‰ (Buhay et al., 1995; Saurer et al., 1998; Kornexl et
al., 1999; Loader and Buhay, 1999; Sternberg et al., 2003), with an accepted value of
+31.85‰ (Buhay et al., 1995). The average δ18O value for IAEA-C3 obtained in this
study was +32.0 ± 0.3‰ (n = 28).
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2.4.3

Colour classification
Plant material undergoes a range of colour changes with increased charring

temperature. As such, all plant material was colour classified before and after charring
using the Munsell Book of Colour (Glossy Collection Vol. 1 and 2, Munsell® Colour
Services), borrowed from the Natural Resources Canada Library in Ottawa, Ontario.
Colours were assigned a hue, value, and chroma (n.b., the three qualities of colour) using
Munsell Notation and the Munsell Colour Chart System.
Munsell Notation is a standardized way of describing a colour using the
alphanumeric designation for hue (H) and numeric designations for value (V) and chroma
(C) in the form of H V/C. Hue is the name of a colour and is the quality by which red is
distinguished from yellow, blue from green, etc. (Munsell, 1913).

There are five

principal hues (red, yellow, green, blue, and purple) and five intermediate hues (yellowred, green-yellow, blue-green, purple-blue, and red-purple). Some colours, such as black,
gray, and white, have no hue, and therefore they are designated “neutral” colours. For
simplicity, Munsell Notation uses the initials of these colours as symbols to assign the ten
hue sectors (i.e., R, RY, Y, GY, G, BG, B, PB, P, and RP) and “N” for neutral colours.
Value indicates the lightness of a colour and is the quality by which lighter colours are
distinguished from those that are darker (Munsell, 1913). Lighter colours have higher
value and the scale of value ranges from 0 for pure black to 10 for pure white. Lastly,
chroma is the quality by which a stronger or more vivid colour is distinguished from a
weaker or duller colour, and it is considered the degree of departure from a neutral colour
of the same value (Munsell, 1913).
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A

B

Figure 2.1 Plant samples selected for investigation: (A) cross-sections of white oak
(Q. alba; left) and red pine (P. resinosa; right) tree trunks, and (B) big bluestem (A.
gerardii) grass placed in beakers.
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Chapter 3: Results
The heated wood and grass samples, regardless of their chemical characteristics,
will hereafter be referred to as char. Ash formation was observed above 300°C for plant
samples that were heated in open crucibles (lid-off). The ash was examined using X-ray
diffraction (XRD) and was primarily composed of calcium carbonate (CaCO3) and lime
(CaO), along with traces of portlandite (Ca(OH)2), magnetite (Fe3O4), and brucite
(Mg(OH)2) ± other minerals. In this study, samples that were charred in air with a lid on
or in a stream of N2 gas did not exhibit ash formation because lack of oxygen prevented
complete combustion. For plant samples burned in air without a lid, ash formation was
observed at different temperatures based on two variables: (1) the length of time the
sample had been charred (i.e., 5 versus 30 minutes), and (2) the species being charred
(i.e., oak, pine, or grass). At 300°C, when char formation commences, the oak and grass
samples produced very small amounts of ash when burned for 30 minutes, whereas pine
did not. At 400°C, all plant samples that were burned in air for 30 minutes without a lid
exhibited ash formation. With increasing temperature from 500 to 800°C, more ash was
formed and less char was produced. By 900°C, there was very little char remaining and
the plant samples were predominately ash.
A similar pattern of ash occurrence was observed for the lid-off, 5-minute
experiments, with a few exceptions.

With shorter charring duration, ash was not

observed in any sample produced below 400°C. At 400°C, grass produced a small
amount of ash, and by 500°C all three plant species charred for 5 minutes were
generating ash. Greater amounts of ash formed for samples charred for 5 minutes with
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increasing temperature beyond 500°C. Ash formation might occur at temperatures below
300°C given a longer heating duration; however, a comprehensive test of ash formation
conditions is beyond the scope of this thesis.
Given that plant ash does not properly combust in the TC/EA, early oxygenisotope analysis of char samples contaminated with ash had variable and unusually low
δ18O values. Hence, for this project, char was picked free of ash material for all further
analyses to ensure that the δ18O values of char were not contaminated by oxygen
contributed from plant ash. Calculated weight loss percentages still include the ash
component, however. Changes in colour, δ18O values, and weight loss of char upon
progressive heating are described below.
3.1

Colour changes upon charring of plant material
Whole plant and lignin samples were charred at temperatures from 200 to 900°C,

while cellulose samples were charred from 200 to 600°C, given that cellulose degrades
completely at higher temperatures. Organic matter experiences colour changes with
increased charring temperature (Fig. 3.1), and these colour changes were classified in
terms of hue, value, and chroma using the Munsell Colour Chart System (Table 3.3). The
original oak sample was light tan in colour (10YR7/4) while pine was light gray
(2.5Y7/2) and big bluestem grass was light brown (10YR5/4). All extracted cellulose
samples were white in colour (10Y9/1) whereas lignin samples were brown (7.5YR4/4
and 7.5YR3/2 for oak and pine, respectively). Sample colours generally remained the
same when charred at 200°C and then experienced a darkening (that is, a decrease in
Munsell value) to brown at 300°C. Colours continued to darken between 300 and 500°C
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depending on charring duration (5 versus 30 minutes) and sample treatment (lid-on
versus lid-off). All plant samples eventually formed black char (i.e., lost their Munsell
hue and became neutral) between 300 and 600°C, and then from pure black (N1/)
increased slightly in value (maximum of N2.5/) with increasing temperature.
3.2

Chemical and oxygen-isotope composition of wood and grass
Original δ18O values of whole plant material were 22.4‰ for oak, 22.5‰ for

pine, and 25.5‰ for grass. The δ18O values for cellulose before charring were 26.5, 27.2,
and 28.2‰ for oak, pine, and grass, respectively. Cellulose δ18O values were higher than
whole plant material by an average of 4.4‰ for tree species and 2.7‰ for the grass.
Conversely, the isotopic composition of lignin extracted from tree species was lower than
whole plant δ18O values with 17.9 and 18.4‰ for oak and pine, respectively.
Extracted cellulose amounted to 40.0, 43.2, and 35.6% by weight of oak, pine,
and grass, respectively, and extracted lignin accounted for 24.6% of oak and 28.5% of
pine. All percentages of individual plant components extracted from whole tissue in this
study were comparable to those reported by other researchers for similar wood and grass
species (e.g., Allen et al., 1976; Sjöström, 1981; Benner et al., 1987; Rowell, 2005).
Furthermore, Benner et al. (1987) used sequential detergent analyses in order to
approximate the amount of hemicellulose (on an ash-free dry weight basis) contained in
different plant species and reported 26.5 and 25.4% for oak and pine, respectively. Based
on these percentages, the approximate collective hemicellulose, cellulose, and lignin
portion of the oak and pine tree species used in this study might be 91 and 96%,
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respectively, and the remaining 4-9% should be comprised of lipids, carbohydrates,
amino acids, polysaccharides, and mineral matter (Benner et al., 1987; Yang et al., 2006).
3.3

Oxygen-isotope composition of chars produced from whole plant material
The δ18O values of chars produced in air, with and without lids after 5 and 30

minutes, as well as those formed after charring for 30 minutes under a flow of N2 gas, are
listed in Table 3.1. Char δ18O values decrease with increasing temperature for whole
plant tissues (Fig. 3.2).

Differences in δ18O values between raw (i.e., original or

unaltered) plant material and char are reported as:
Δ18Oraw-char = δ18Oraw – δ18Ochar

(Eqn. 3-1)

The greatest shifts in oxygen-isotope composition were Δ18Oraw-char = 24.8, 25.8, and
16.5‰ for whole tissue samples of oak, pine, and grass, respectively, for the 30-minute
charring experiment in a nitrogen atmosphere. The Δ18Oraw-char values for the other
treatments were always less for wood chars and similar for grass chars (Fig. 3.2). In
general, at each 100°C temperature increment, samples that were charred in air with a lid
had higher δ18O values than those charred in air with no lid or in a nitrogen atmosphere.
Moreover, under similar oxygenated conditions, the δ18O values of the 30-minute chars
were lower than the δ18O values of the 5-minute chars.
Despite the overall negative trend in δ18O values observed with increased charring
temperature, in most cases, chars produced in the muffle furnace in closed (lid-on) and
open (lid-off) crucibles after 5 and 30 minutes, and after 30 minutes under the flow of N2
gas, exhibit a slight increase in δ18O values (~0.6 to 2.5‰) as temperature increases from
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300 to 500°C before complete charring occurs (Fig. 3.2). This increase occurs at lower
temperatures (200°C) for the 30-minute, lid-on chars and the chars formed under nitrogen
atmosphere, and at higher temperatures (400-500°C) for the 5-minute chars (both lid-on
and lid-off). No increase is observed for the 30-minute, lid-off chars produced from oak
and grass species.
Oak δ18O values decrease with increased charring temperature from ~400 to
900°C (Fig 3.2a). Over the entire temperature range, from 200 to 900°C, the smallest
overall decrease in oak δ18O values was observed for the 5-minute chars formed in air
(Δ18Oraw-char = 10.6 and 15.0‰ for lid-on and lid off treatments, respectively). At 900°C,
the δ18O values of oak samples charred for 30 minutes in air had decreased by 17.8 and
16.3‰ for lid-on and lid-off treatments, respectively. Notably, oak samples charred in a
nitrogen atmosphere for 30 minutes at 900°C showed the largest decrease in δ18O values
(Δ18Oraw-char = 24.8‰).
The δ18O values of chars formed from pine behave in a similar manner to those
observed for oak (Fig 3.2b). Pine retained its original δ18O value (i.e., Δ18O < 0.4‰)
when charred at 200°C. An increase of 1.3 to 2.4‰ occurs in pine δ18O values at
temperatures greater than 300°C for most chars, with samples heated for 5 minutes in lidoff and lid-on crucibles showing slight increases at 400 and 500°C, respectively. All pine
char δ18O values decrease with increasing temperature above 500°C (Fig. 3.2b). Pine
charred in air for 5 minutes without a lid fluctuated about a mean δ18O value of 12.8 ±
1.2‰ between 500 and 800°C. Both lid-on and lid-off, 5-minute chars exhibited similar
δ18O values (6.7 and 7.3‰, respectively) at 900°C, even though the δ18O values of pine
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chars formed with a lid were on average 7.8‰ higher than those formed without a lid
from 500 to 800°C. The 5-minute pine chars displayed the smallest overall decrease in
δ18O values with increasing temperature (Δ18Oraw-char = 15.8 and 15.2‰ for lid-on and lid
off, respectively), followed by the 30-minute chars (Δ18Oraw-char = 19.6‰ for lid-on and
18.9‰ for lid-off). Chars produced under a flow of N2 gas for 30 minutes showed the
greatest decrease in δ18O values at 900°C (Δ18Oraw-char = 25.8‰).
Grass δ18O values decrease with increasing temperature as observed for oak and
pine tree species (Fig 3.2c). However, the depletion of 18O experienced by grass charred
to temperatures of 900°C is less than that experienced by wood. The smallest overall
decrease in grass δ18O values at 900°C was seen for the 5-minute, lid-on sample
treatment (Δ18Oraw-char = 2.6‰). In fact, grass chars formed at all temperature increments,
from 200 to 900°C, for the 5-minute, lid-on experiment fluctuated around a mean δ18O
value of 24.6 ± 2.4‰. Grass samples charred for 30 minutes in a nitrogen atmosphere
also showed the greatest negative shift in δ18O values at 900°C (Δ18Oraw-char = 16.6‰).
Notably, the δ18O values of grass chars formed at 900°C under the flow of N2 gas are
similar to those formed in open crucibles (lid-off) in air at this temperature for both 5and 30-minute durations (δ18O = 9.3 ± 0.9‰).

This behaviour contrasts with

observations made for oak and pine, where chars produced in nitrogen had lower δ18O
values than those formed in air (both lid-on and lid-off) at temperatures above 600°C
(Fig. 3.2a and 3.2b). Grass samples charred for 30 minutes in air exhibited a moderate
decrease in δ18O values by 900°C (Δ18Oraw-char = 16.9 and 10.0‰ for lid-off and lid-on
experiments, respectively). The Δ18Oraw-char value of char produced from grass after
heating for 5 minutes at 900°C was 15.1‰ for the oxygenated (lid-off) experiment.
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3.4

Oxygen-isotope composition of chars produced from cellulose and lignin
The δ18O values of cellulose extracted from oak, pine, and grass decrease with

increasing temperature up to 400-500°C, as observed for whole plant material (Fig. 3.3a).
For cellulose samples that were charred in air in covered crucibles (lid-on), the δ18O
values of all plant species decreased up to 500°C (Δ18Oraw-char = 12.3 ± 1‰), but then
increased by 5.0 ± 1.6‰ at 600°C. Final δ18O values for the lid-on experiment were
similar for all three species at 600°C, ranging from 19.2 to 21.4‰. For cellulose samples
heated in open crucibles (lid-off), the same general trend was observed for all plant
species except the δ18O values decreased by 17.0 ± 0.8‰ up to 425°C and then increased
by 6.0 ± 1.5‰ at 500°C, rather than at 600°C (Fig. 3.3a). Chars formed from oak, pine,
and grass cellulose exhibit similar δ18O values at temperatures below 300°C and above
500°C for both the lid-on and lid-off sample treatments. From 300 to 350°C, the δ18O
values of covered (lid-on) cellulose samples increased slightly (1.5 ± 0.6‰); however,
the δ18O values of uncovered samples decreased immediately after 300°C (Fig 3.3a).
Lignin was only extracted from oak and pine tree species because it accounts for
less than 10% of the chemical structure of grasses, such as big bluestem (Allen et al.,
1976; Benner et al., 1987). The δ18O values of wood lignin generally decreased with
increased charring temperature, as observed for whole plant material and cellulose (Fig.
3.4a). Lignin was analyzed in air in 100°C temperature increments for 30 minutes from
200 to 800°C for lid-off sample treatments, and from 200 to 900°C for lid-on sample
treatments. At 200°C, oak lignin displayed an increase in δ18O values of 1.3‰, while
pine lignin δ18O values decreased by an average of 2.3‰ for both the lid-on and lid-off
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treatments. Oak lignin δ18O values remain very similar for both lid-on and lid-off sample
treatments up to 300°C; however, at 400°C, the δ18O values of oak lignin vary for
different treatments with increasing temperature. The δ18O values of char produced from
pine lignin in open crucibles (lid-off) decrease by 9.1‰ until 400°C and then fluctuate
about a mean of 10.1 ± 2.3‰ from 500 to 800°C. Similarly, the δ18O values of lid-off
chars formed from oak lignin decrease by 11.2‰ from 200 to 500°C and then fluctuate
around 9.0 ± 1.8‰ from 500 to 800°C. The δ18O values of oak lignin charred in air with
a lid on the crucible decrease steadily by 11.6‰ from 200 to 900°C. Meanwhile, the
δ18O values of pine lignin charred in closed crucibles (lid-on) steadily decrease by 14.4‰
until 800°C, but then increase again by 1.9‰ at 900°C.
3.5

Incremental weight loss upon charring of whole plant material
Weight loss of char samples increased with increasing temperature for all plant

species (Table 3.1). Some small deviations from this trend are apparent for the series of
lid-off chars (5 and 30 minutes) because initial sample size was increased at higher
temperatures to avoid complete combustion of the sample. The greatest proportion of
weight loss occurred in the 200 to 600°C temperature range with most samples
experiencing substantial weight loss between 300 and 400°C, and samples charred in
covered crucibles (lid-on) for 5 minutes losing the most material at 600°C. Regardless of
sample treatment, all plant chars had lost >50% of their initial weight by 600°C. Samples
charred in air in open crucibles (lid-off) exhibited consistently higher weight losses than
lid-on chars or those formed in a nitrogen atmosphere (Fig. 3.5).
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Most oak samples undergo the greatest weight loss in the 300 to 400°C
temperature range, including samples heated in the thermogravimetric analyzer (TGA) in
air (49.1% weight loss) and under the flow of N2 gas (53.1% weight loss). Exceptions
include samples that were charred in air without a lid for 30 minutes, which showed the
greatest weight loss (61.9%) between 200 and 300°C, and samples charred for 5 minutes
with a lid on, which experienced the greatest weight loss (44.4%) from 400 to 500°C.
Oak samples charred in air without a lid experienced a higher percent weight loss than
those charred either in air with a lid or under a flow of N2 gas (Fig 3.5a). At 900°C, all
oak samples charred in air with lids (for both 5 and 30 minutes), as well as the sample
charred under a nitrogen atmosphere in the TGA, had very similar percent weight losses,
ranging from 83.3 to 84.4%. The percent weight loss for the lid-off oak samples charred
in air (5 and 30 minutes) and those charred in a N2 atmosphere in the tube furnace ranged
from 88.5 to 91.4% at 900°C. The greatest total weight loss occurred for the very small
oak sample (8.8 mg) heated in air in the TGA (99.0% at 900°C). It is apparent that the
total amount of weight loss was greater for samples charred under oxygenated conditions
(i.e., without a lid and in the TGA in air). In fact, for all samples charred in air in the
TGA, maximum weight losses of 97.4 (grass), 99.0 (oak), and 100% (pine) were
achieved for all three species by 500°C. The similarity in weight losses observed above
500°C between the lid-off oak samples and those charred under a nitrogen atmosphere in
the tube furnace is likely a result of the difference in initial sample sizes (4.0 g for the lidoff treatment and 0.2 g for the N2 furnace). The effect of starting amount on the percent
weight loss of samples is less pronounced for chars formed in an oxygen-restricted
environment (i.e., lid-on and nitrogen atmosphere treatments). The percent weight loss at
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900°C was 84.9 ± 2.4, 85.5 ± 2.0, and 80.9 ± 2.6% for oak, pine, and grass chars,
respectively, averaged for the 5- and 30-minute lid-on treatments in air, the nitrogen tube
furnace, and the TGA experiment in nitrogen.
Pine samples charred in air with no lid displayed a higher percent weight loss than
those charred either in air with a lid or in a nitrogen atmosphere (Fig 3.5b). Samples
charred in air in closed crucibles (lid-on) lost 83.8 to 84.8% weight at 900°C, whereas
chars formed in open crucibles (lid-off) lost 91.5 to 92.8% weight by 900°C for the 5and 30-minute treatments. Pine charred for 30 minutes without a lid underwent the
greatest proportion of weight loss (75.4%) between 300 and 400°C, whereas samples
charred for 5 minutes with a lid on experienced the greatest proportion of weight loss
(48.9%) from 400 to 600°C. The largest incremental weight loss (57.7%) observed for
pine charred in the tube furnace under the flow of N2 gas occurred between 300 and
400°C, and the maximum weight loss for pine charred in nitrogen was 88.5% at 900°C.
Grass samples charred in air with no lid in the muffle furnace and in the TGA
exhibit higher weight losses than those charred in air with lids and in the TGA under
nitrogen atmosphere (Fig. 3.5c). The smallest amount of total weight loss (77.7%) at
900°C was observed for the 5-minute, lid-on sample treatment, whereas the greatest total
weight loss (97.8%) occurred when grass was charred in air using the TGA. The grass
samples charred for 30 minutes without a lid experienced the greatest weight loss
(58.6%) between 200 and 300°C, while samples charred for 5 minutes with a lid
experienced the greatest weight loss (34.4%) from 400 to 500°C. All other grass sample
treatments underwent the greatest incremental weight loss between 300 and 400°C. At
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900°C, the total weight loss for grass increased from 77.7 to 90.8% as charring duration
and oxygen availability (i.e., lid-off) increased. Notably, the highest total weight loss
observed in the muffle furnace (90.8% for the 30-minute, lid-off grass char) is lower than
the greatest total weight loss for the TGA experiment in air because of the different
starting sample amounts (4.0 g for the lid-off treatment and 8.5 mg for the TGA).
3.6

Continuous weight loss in the thermogravimetric analyzer (TGA)
Results obtained from continuous weight loss measurements taken with steadily

increasing temperature (to 1,000°C) in the TGA are presented in Figure 3.6. The weight
loss curve for all plant species heated under both N2 gas and airflow follow very similar
patterns, with subtle changes occurring at temperatures where maximum rates of weight
loss occur. For all three species, heated in both air and nitrogen atmospheres, there is an
initial weight loss of about 5% that results from water loss up to approximately 105°C.
Sample weights remain fairly stable from about 105 to 235°C. As temperature increases
from 235 to 365°C in air and 235-395°C in nitrogen, the greatest amount of weight loss
occurs. The weight loss behaviour observed for all three species heated in air is similar,
and the first episode of rapid weight loss occurs at 325°C for all plant species. The
derivative weight data represents the rate of weight loss (percent/minute), and the
location of the first derivative peak from 235 to 365°C for samples heated in air
represents the degradation of cellulose (Órfão et al., 1999). The left shoulder of this
derivative peak represents the onset of degradation of hemicellulose (Órfão et al., 1999).
A second derivative peak that occurs between roughly 420 and 490°C corresponds to the
thermal decomposition of lignin (Órfão et al., 1999), with the maximum rates of
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degradation occurring at about 450°C for all three species. For plant samples heated in
the TGA under the flow of air, weight loss is complete above 500°C.
Plant samples heated to 1,000°C in the TGA under a flow of N2 gas yielded
different results from those observed for plant samples heated in air (Fig. 3.6). The first
episode of major weight loss begins above 200°C, with the highest rates of weight loss
occurring at approximately 360°C for all plant species. In contrast to the samples heated
in air, those heated in nitrogen have only one main episode of weight loss.
Correspondingly, there is only one derivative peak, which occurs between 235 and 395°C
with a shoulder on the left. This shoulder again represents the start of hemicellulose
degradation, while the breakdown of cellulose and lignin is responsible for the increased
rate of mass loss represented by the main derivative weight peak.
3.7

Weight loss upon charring of extracted cellulose and lignin
Charred cellulose samples extracted from all plant species exhibited increased

weight loss with increasing temperature, with lid-off sample treatments losing more
material than samples charred with lids on (Fig 3.3b). Samples charred in air in closed
crucibles (lid-on) lost 86.1 to 89.0% of their mass by 600°C, whereas samples charred in
air without lids lost 95.6 to 97.4% of their mass at 500°C. Notably, cellulose samples
could not be charred in air without lids above 500°C because there was no char remaining
at 600°C. The most prominent incremental weight losses occurred between 300 and
350°C for cellulose samples, with the following percent weight losses for lid-on and lidoff sample treatments, respectively: 50.8 and 56.9% for oak, 37.7 and 61.9% for pine,
and 38.3 and 55.8% for grass (Fig 3.3b).
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Weight loss also increased with increasing temperature for wood lignin up to
600°C (Fig 3.4b). Variability in percent weight loss observed between 600 and 900°C
reflects the varying initial samples amounts used at higher temperatures in order to ensure
char formation (Table 3.2). Rather than discussing the absolute percent weight losses,
which are dependent on sample size, only general trends will be described for lignin
extracted from tree species. Lid-off sample treatments exhibit very similar weight losses
for both species at 800°C (oak = 84.4%, pine = 84.9%), and lid-on sample treatments
display similar weight losses at 900°C (oak = 82.1%, pine = 82.3%). Lignin samples
charred in air in open crucibles (lid-off) exhibit higher percent weight losses than lid-on
sample treatments, similar to the weight loss trends exhibited by chars formed from
whole plant material and extracted cellulose.

Table 3.1 Starting amount (g), weight loss (%), oxygen content (%), and δ18O values (‰, VSMOW) of char formed from whole plant material at
various temperatures (°C) under different conditions.

Temp
(°C)
25
200
White Oak 300
400
Tree
500
(Quercus
600
alba)
700
800
900

Plant Species

Charring duration = 5 minutes
Lid-on
Lid-off
18
O
δ O
Initial % wt.
Initial % wt. O2
2
wt. (g) loss (%) (‰)
wt. (g) loss (%)
0.0 39.4 22.4
0.0 39.4
1.0
0.8 37.4 21.7
1.0
1.6 35.8
1.0
4.1 37.6 21.8
1.0
3.3 35.4
1.0
8.4 37.1 23.0
1.0
40.5 31.5
1.0
52.8 26.3 22.8
1.5
77.7 17.3
1.0
71.1 15.8 19.4
2.0
83.9 14.9
1.0
77.2 11.7 18.2
2.5
85.2 12.3
1.0
80.6 7.1 15.8
2.5
87.9 6.9
1.0
83.5 4.9 11.8
3.0
89.6 4.9

18

δ O
(‰)
22.4
21.9
21.8
23.1
16.6
14.6
15.4
13.1
7.4

Lid-on
Initial % wt. O2
wt. (g) loss (%)
0.0 39.4
1.0
6.3 41.3
1.0
19.0 39.3
1.0
58.7 22.0
2.0
73.6 13.9
2.0
78.7 7.9
2.0
81.4 4.0
2.0
83.4 3.0
2.0
84.4 2.6

Charring duration = 30 minutes
Lid-off
18
δ O
Initial % wt. O2 δ18O
Initial
(‰)
wt. (g) loss (%) (‰)
wt. (g)
22.4
0.0 39.4 22.4
22.1
1.0
5.6 41.4 22.4
0.2
24.2
1.0
67.5 30.4 20.9
0.2
20.8
1.0
90.6 23.9 12.5
0.2
18.0
2.0
91.6 16.1 12.9
0.2
18.8
3.0
89.0 8.1 14.0
0.2
14.2
3.0
89.3 4.7 10.1
0.2
8.8
4.0
89.5 3.1 7.9
0.2
4.6
4.0
91.4 3.0 6.1
0.2

N2-atm.
% wt.
loss
0.0
9.4
19.5
75.6
81.6
85.9
87.2
87.6
88.5

O2
(%)
39.4
39.2
37.5
16.5
10.8
5.6
5.1
5.0
4.4

δ18O
(‰)
22.4
22.9
24.5
19.3
17.9
10.0
3.3
1.4
-2.4

25
200
300
400
500
600
700
800
900

1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0

0.0
0.6
3.7
5.9
36.3
54.8
73.2
78.8
83.8

38.3
35.9
36.5
36.5
30.4
25.6
16.0
10.2
5.4

22.5
22.9
22.3
23.3
24.9
23.0
19.5
15.0
6.7

1.0
1.0
1.0
1.5
2.0
2.5
2.5
3.0

0.0
1.3
2.9
42.2
75.1
80.1
85.0
90.7
91.5

38.3
35.2
35.5
36.2
16.7
17.1
12.8
10.6
5.1

22.5
22.5
22.4
24.1
12.0
14.2
11.6
13.4
7.3

1.0
1.0
1.0
2.0
2.0
2.0
2.0
2.0

0.0
7.2
12.5
51.5
71.5
77.5
81.5
82.7
84.8

38.3
40.7
39.5
25.4
15.6
10.1
5.3
3.5
3.0

22.5
22.6
23.8
22.7
15.8
16.0
12.5
9.2
2.9

1.0
1.0
1.0
2.0
3.0
3.0
4.0
4.0

0.0
6.0
17.6
93.0
93.5
89.9
91.3
90.4
92.8

38.3
40.4
39.4
21.1
18.4
10.3
5.3
3.8
3.5

22.5
22.3
24.2
15.9
11.8
11.1
10.1
6.3
3.6

0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2

0.0
16.3
19.4
77.1
82.1
85.7
87.1
88.0
88.5

38.3
37.9
35.7
14.7
9.6
5.4
4.9
4.7
4.1

22.5
22.9
25.0
17.5
15.6
6.9
1.1
-1.1
-3.3

25
200
Big Bluestem 300
400
Grass
500
(Andropogon
600
gerardii)
700
800
900

1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0

0.0
0.4
3.0
5.9
40.3
57.5
68.9
74.1
77.7

38.0
37.3
36.3
36.8
28.0
25.0
17.0
12.2
9.9

25.5
21.4
25.5
25.8
27.2
27.2
25.4
21.2
22.9

1.0
1.0
1.0
1.5
2.0
2.5
2.5
3.0

0.0
1.5
2.5
41.2
68.7
75.8
81.4
84.5
85.6

38.0
36.4
36.3
32.3
18.2
16.3
12.8
10.7
8.9

25.5
25.3
25.2
26.2
15.9
17.1
15.8
16.1
10.4

1.0
1.0
1.0
2.0
2.0
2.0
2.0
2.0

0.0
6.7
16.5
52.8
68.9
74.0
77.8
79.0
80.2

38.0
40.8
39.6
24.5
16.4
11.4
8.3
6.3
6.0

25.5
26.0
27.0
26.2
21.6
18.3
14.6
16.0
15.5

1.0
1.0
1.0
2.0
3.0
3.0
4.0
4.0

0.0
5.6
64.2
81.4
88.4
88.0
89.9
89.1
90.8

38.0
41.1
32.0
21.5
18.9
14.2
8.2
7.0
7.1

25.5
25.3
24.7
17.6
14.1
15.0
15.3
15.6
8.6

0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2

0.0
11.4
35.5
75.2
78.9
81.7
82.5
83.6
83.9

38.0
37.6
32.1
15.6
12.1
8.4
7.9
6.7
6.1

25.5
25.6
27.9
24.5
21.0
15.8
19.3
16.5
9.0

Red Pine
Tree
(Pinus
resinosa)
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Table 3.2 Starting amount (g), weight loss (%), oxygen content (%), and δ18O values (‰, VSMOW) of char formed
from cellulose and lignin at various temperatures (°C) under different conditions (charring duration = 30 minutes).
Theoretically calculated δ18O values of wood char (lid-on and lid-off) are also presented based on a two end-member
mass balance model using the δ18O values of cellulose and lignin (see section 4.3, equation 4-2).
Cellulose
Temp
(°C)
25
200
300
350
White Oak 375
Tree
400
425
(Quercus
500
alba)
600
700
800
900

Plant Species

Lid-on
Initial % wt. O2
wt. (g) loss (%)
0.0 43.8
0.5
0.2 38.0
0.5
5.0 36.9
0.5
55.8 19.6
0.5
63.6 16.4
0.5
69.7 19.4
0.5
73.8 18.2
0.3
81.2 20.2
1.0
88.3 8.3
-

δ18O
(‰)
26.5
26.7
27.3
28.1
20.4
24.8
19.0
13.7
19.5
-

Lignin

Lid-off
Initial % wt. O2
wt. (g) loss (%)
0.0 43.8
0.5
0.2 37.5
0.5
13.4 36.0
0.5
70.3 23.2
0.5
75.1 24.0
0.5
77.0 24.0
0.5
90.2 24.6
1.5
97.4 14.4
-

δ18O
(‰)
26.5
26.7
27.7
15.9
13.9
13.5
9.0
15.4
-

Red Pine
Tree
(Pinus
resinosa)

25
200
300
350
375
400
425
500
600
700
800
900

0.5
0.5
0.5
0.5
0.5
0.5
0.3
1.0
-

0.0
0.0
4.2
41.9
55.8
60.0
70.6
76.0
86.1
-

43.7
36.0
35.9
24.1
19.6
17.5
14.0
16.7
6.5
-

27.2
26.9
27.8
29.6
29.6
28.7
22.7
16.1
19.2
-

0.5
0.5
0.5
0.5
0.5
0.5
1.5
-

0.0
0.0
7.0
68.9
71.7
75.2
91.7
95.6
-

43.7
35.9
35.1
22.2
22.0
21.4
21.1
12.0
-

27.2
27.1
27.9
19.4
14.8
15.4
9.8
17.0
-

Big
Bluestem
Grass
(Andropogon
gerardii)

25
200
300
350
375
400
425
500
600

0.5
0.5
0.5
0.5
0.5
0.5
0.3
1.0

0.0
0.5
10.7
49.0
59.1
64.4
73.1
80.7
89.0

42.3
36.8
36.7
29.3
21.4
20.2
20.1
20.3
8.8

28.2
28.6
28.9
30.7
28.4
27.5
18.5
15.4
21.4

0.5
0.5
0.5
0.5
0.5
0.5
1.5
-

0.0
1.5
13.3
69.1
73.8
76.9
84.3
95.9
-

42.3
36.2
37.3
24.6
24.6
24.2
23.6
15.0
-

28.2
27.9
28.8
23.9
17.9
17.7
12.0
16.3
-

Lid-on
Initial % wt. O2
wt. (g) loss (%)
0.0 32.9
0.1
12.4 31.7
0.1
30.3 28.3
0.2
52.6 24.5
0.3
58.7 15.4
0.2
80.2 15.7
0.2
77.5 9.8
0.4
71.0 5.8
0.4
82.1 2.7
0.1
0.1
0.2
0.3
0.2
0.2
0.2
0.2

0.0
6.6
20.0
36.2
44.6
64.3
67.9
80.3
82.3

32.4
27.6
25.3
23.0
14.9
13.9
9.9
9.7
4.4

δ18O
(‰)
17.9
19.2
17.2
13.4
13.1
9.8
9.3
8.1
7.6
18.4
16.3
14.9
12.3
11.4
10.0
8.5
4.0
5.9

Lid-off
Initial % wt. O2
wt. (g) loss (%)
0.0 32.9
0.1
12.2 32.1
0.1
32.0 28.6
0.2
60.0 26.9
0.3
92.7 21.1
0.7
96.3 14.1
1.0
89.7 9.8
1.3
84.4 6.4
0.1
0.1
0.2
0.3
0.5
1.0
1.0
-

0.0
9.2
20.3
51.3
98.7
95.5
84.2
84.9
-

32.4
27.0
26.0
26.9
16.4
12.3
9.3
10.5
-

Modelled Char
Lid-on
Lid-off
δ18O
(‰)
17.9
19.2
17.4
10.9
8.0
10.2
10.8
6.9
-

δ18O
(‰)
22.2
23.2
23.0
17.9
13.3
13.4
9.3
8.1
7.6

δ18O
(‰)
22.2
23.2
23.2
11.8
10.0
10.2
10.8
6.9
-

18.4
15.9
13.0
9.3
9.7
10.8
12.7
7.2
-

22.8
21.8
21.9
18.6
12.8
12.6
8.5
4.0
5.9

22.8
21.7
21.0
11.4
15.3
10.8
12.7
7.2
-
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Table 3.3 Colour changes to whole plant material and extracted cellulose and lignin upon charring.
Colours are assigned a hue (H), value (V), and chroma (C) in the form H V/C using standard Munsell
Notation (see sections 2.4.3 and 3.1).
Temp
(°C)
25
200
300
350
White Oak 375
Tree
400
(Quercus
425
500
alba)
600
700
800
900

Whole Plant (5 mins)
Lid-on
Lid-off
10YR7/4 10YR7/4
10YR7/4 10YR7/4
10YR7/4 10YR7/4
—
—
—
—
10YR4/4 10YR2/2
—
—
N1/
N1/
N1/
N1/
N1/
N1.5/
N1/
N1.5/
N1.5/
N2/

Whole Plant (30 mins)
Lid-on
Lid-off
N2-atm.
10YR7/4 10YR7/4 10YR7/4
10YR7/4 10YR7/4 10YR7/4
10YR2/2
N1.5/
7.5YR2/2
—
—
—
—
—
—
N1/
N1.5/
N1/
—
—
—
N1.5/
N1.5/
N1.5/
N1.5/
N2/
N2/
N1.5/
N2/
N 2.5/
N2/
N2/
N 2.5/
N2/
N2/
N 2.5/

Cellulose (30 mins)
Lid-on
Lid-off
10Y9/1
10Y9/1
10Y9/1
10Y9/1
10YR4/6 7.5YR3/4
N1/
N1/
N1/
N1/
N1/
N1/
N1/
N1.5/
N1/
N1.5/
N1.5/
—
—
—
—
—
—
—

Lignin (30 mins)
Lid-on
Lid-off
7.5YR4/4 7.5YR4/4
7.5YR4/4 7.5YR4/4
5YR2/2
5YR2/2
—
—
—
—
N1/
N1.5/
—
—
N1.5/
N1.5/
N1.5/
N2/
N2/
N2/
N2/
N2/
N2.5/
—

25
200
300
350
375
400
425
500
600
700
800
900

2.5Y7/2
2.5Y7/2
2.5Y7/2
—
—
2.5Y6/2
—
5YR2/2
10YR2/2
N1/
N1/
N1.5/

2.5Y7/2
2.5Y7/2
2.5Y7/2
—
—
10YR3/4
—
10YR2/2
N1/
N1.5/
N1.5/
N2/

2.5Y7/2
2.5Y7/2
10YR4/4
—
—
N1/
—
N1.5/
N1.5/
N1.5/
N2/
N2/

2.5Y7/2
2.5Y7/2
N1.5/
—
—
N1.5/
—
N1.5/
N2/
N2/
N2/
N2/

2.5Y7/2
2.5Y7/2
7.5YR4/4
—
—
N1/
—
N1.5/
N2/
N 2.5/
N 2.5/
N 2.5/

10Y9/1
10Y9/1
10YR4/4
N1/
N1/
N1/
N1/
N1/
N1.5/
—
—
—

10Y9/1
10Y9/1
7.5YR3/4
N1/
N1/
N1/
N1.5/
N1.5/
—
—
—
—

7.5YR3/2 7.5YR3/2
7.5YR3/2 7.5YR3/2
7.5YR2/2 7.5YR2/2
—
—
—
—
N1/
N1.5/
—
—
N1.5/
N1.5/
N1.5/
N1.5/
N2/
N2/
N2/
N2/
N2.5/
—

25
200
300
350
Big Bluestem 375
Grass
400
(Andropogon 425
500
gerardii)
600
700
800
900

10YR5/4
10YR5/4
10YR5/4
—
—
10YR5/4
—
7.5YR2/2
N1/
N1/
N1/
N1.5/

10YR5/4
10YR5/4
10YR5/4
—
—
10YR2/2
—
N1/
N1/
N1.5/
N1.5/
N2/

10YR5/4
10YR5/4
7.5YR3/2
—
—
N1/
—
N1.5/
N1.5/
N1.5/
N2/
N2/

10YR5/4
10YR5/4
N1.5/
—
—
N1.5/
—
N1.5/
N2/
N2/
N2/
N2/

10YR5/4
10YR5/4
5YR2/2
—
—
N1/
—
N1/
N1.5/
N1.5/
N1.5/
N1.5/

10Y9/1
10Y9/1
10YR6/4
10YR2/2
N1/
N1/
N1/
N1/
N1.5/
—
—
—

10Y9/1
10Y9/1
10YR5/4
N1/
N1/
N1/
N1.5/
N1.5/
—
—
—
—

Plant Species

Red Pine
Tree
(Pinus
resinosa)
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Figure 3.1 All char samples were colour coded in terms of hue (H), value (V), and chroma
(C), in the form of H V/C, using the Munsell Colour Chart System and listed in Table 3.3.
This figure shows samples of white oak (Q. alba) that were charred in the muffle furnace
for 30 minutes in closed crucibles (lid-on) at constant temperatures of 200, 300, and 400°C
(left to right). Upon charring, oak samples darkened from light tan (10YR74) at 200°C to
brown (10YR2/2) at 300°C, and then formed black char (N1/) at 400°C.
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Figure 3.2 δ18O values (‰, VSMOW) of white oak (A), red pine (B), and
big bluestem (C) plant species charred at various temperatures (°C) under
different conditions.
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Figure 3.3 δ18O values (‰, VSMOW) (A) and percent weight loss (B) of cellulose
extracted from white oak (Q. alba) and red pine (P. resinosa) tree species and big
bluestem grass (A. gerardii) and charred at various temperatures (°C) under different
conditions.
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Figure 3.4 δ18O values (‰, VSMOW) (A) and percent weight loss (B) of lignin
extracted from white oak (Q. alba) and red pine (P. resinosa) tree species and charred
at various temperatures (°C) under different conditions.
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Figure 3.5 Percent weight loss of white oak (A), red pine (B), and big
bluestem (C) plant species charred at various temperatures (°C) under
different conditions.
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Figure 3.6 TGA (black line) and derivative weight loss rate (grey line) curves for samples of oak,
pine, and grass burned in air and nitrogen.
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Chapter 4: Discussion
Wildfires can generate temperatures ranging from less than 300°C to greater than
1,000°C in extreme instances (Whelan, 1995; Ice et al., 2004; Dennison et al., 2006).
Fire temperature is important because plant material undergoes thermal degradation in
stages and increasing temperature results in various physical, chemical, and isotopic
changes during charring (Rowell, 2005). Moreover, fire temperatures can increase with
the amount of fuel available (Stinson and Wright, 1969; Brooks, 2002), and
heterogeneous fuel sources often create varying peak fire temperatures (Davis et al.,
1989; Odion and Davis, 2000). The main objective of this project was to determine
whether or not the δ18O values of plant char could be used as a proxy to estimate fire
temperatures.
The δ18O values of plant char decreased with increasing temperature (Fig. 3.2).
There are a few possible reasons why this might occur. In Munro et al. (2008), lower
δ18O values for structural deer bone carbonate were observed as temperature increased
above ~225°C.

This decrease was attributed to a combination of high-temperature

exchange with low δ18O atmospheric water vapour, as well as isotopic fractionation
during devolatilization of CO2 gas. Several researchers have observed decreasing δ13C
values for plant char with increasing temperature and suggest that this is the result of loss
of 13C-enriched cellulose at lower temperatures (i.e., 300-400°C) (Czimczik et al., 2002;
Turney et al., 2006; Ascough et al., 2008). This discussion will explore whether (1)
exchange with atmospheric water vapour, (2) fractionation between char and evolved
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gases, or (3) preferential removal of individual plant components during volatilization
could be responsible for the decrease in δ18O values of char with increasing temperature.
4.1

Exchange with atmospheric water vapour
Munro et al. (2007, 2008) suggested that the δ18O values of phosphate and

carbonate in bone become progressively depleted of

18

O by approximately 7 and 8‰,

respectively, with increasing temperature (up to 900°C for phosphate and 725°C for
carbonate) as a result of exchange with atmospheric water vapour. In this study, the δ18O
value of atmospheric water vapour in the laboratory was approximately -17‰ during
charring experiments in the muffle furnace (Munro et al., 2008; Erin Fraser, personal
communication). Hence, oxygen-isotope exchange between atmospheric water vapour
and oxygen in plant char would result in a decrease in char δ18O values. This effect
would be more obvious at higher temperatures when fractionation is negligible and the
amount of oxygen in char is more depleted (Table 3.1). Furthermore, exchange with
atmospheric water vapour may have also occurred after samples were removed from the
furnace and left to cool to room temperature on the laboratory counter.
The δ18O values of plant char formed in the muffle furnace might decrease
because of partial exchange with low-δ18O atmospheric water vapour. However, if this
were the main process affecting the δ18O values of char, we would expect plant samples
burned in open crucibles (lid-off) to exhibit a larger decrease in δ18O values than samples
burned in covered crucibles (lid-on). The lowest δ18O values observed for lid-on chars
formed after 30 minutes at 900°C were 2.8 and 4.6‰ for pine and oak, respectively
(Table 3.1). Comparatively, the lowest δ18O values for lid-off chars produced after 30
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minutes at 900°C were 3.6 and 6.1‰ for pine and oak, respectively. Hence, the greater
exposure of lid-off samples to the atmosphere did not result in a greater exchange with
ambient moisture or lower δ18O values. Furthermore, chars formed and cooled in a tube
furnace under the flow of N2 gas had the lowest δ18O values of all. The δ18O values of
oak and pine char produced at 900°C in a nitrogen atmosphere were -2.4 and -3.3‰,
respectively (Table 3.1). As such, the low δ18O values observed for high-temperature
plant chars cannot be explained by exchange with atmospheric water vapour alone.
4.2

Exchange with evolved gases
The oxygen-isotope composition of plant material may be transformed during

char formation as various gases are released during the charring process, provided
fractionation occurs between the charred organic matter and the gases produced. The
three main volatile gases produced during the combustion of biomass are CO2, CO, and
CH4 (Soares Neto et al., 2009; Kasischke and Bruhwiler, 2002; Simpson et al., 2011). In
addition to these gases, there are many other volatiles released during the charring
process, including nitrogen oxides (NOx) and a myriad of non-methane hydrocarbons
(e.g., CH3OH, (CH3)2CO, CH3COOH, etc.) (Beaumont, 1985; Soares Neto et al., 2009;
Rowell, 2005). This discussion will focus on the possibility of exchange with CO and
CO2, since these are the largest and most important oxygen reservoirs.
The amounts of CO and CO2 gas contributed to the atmosphere from natural fires
have been frequently monitored (Ward and Hardy, 1991; Laursen et al., 1992; Andreae et
al., 1996; Kasischke and Bruhwiler, 2002; Soares Neto et al., 2009; Simpson et al., 2011).
Andreae et al. (1996) provided emission ratios for CO relative to CO2 (ER[CO/CO2]) for
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both experimental and native fires in South Africa ranging from 3.3 ± 1.1 (sugar cane
fields, Swaziland) to 9.4 ± 1.3 (forest and shrub, Drakensberg), with a mean ER[CO/CO2]
of 7.1 ± 1.6 (moist, infertile savanna, Kruger National Park). Simpson et al. (2011)
collected whole air samples aboard a research aircraft in order to better understand boreal
forest fire emissions in fresh Canadian smoke plumes and found that the highest emission
factors were calculated for CO2 (1616 ± 180 g/kg), CO (113 ± 72 g/kg), and CH4 (4.7 ±
2.9 g/kg). Furthermore, studies have shown that smoldering combustion is less efficient
than flaming combustion and results in lower emissions of CO2 but higher emissions of
CO and CH4 (Lobert and Warnatz, 1993; Kasischke and Bruhwiler, 2002). As such,
Kasischke and Bruhwiler (2002) maintain that flaming and smoldering combustion
should be considered separately when estimating emission factors. Moreover, Lobert and
Warnatz (1993) found that there are a wider variety of gases produced during smoldering
combustion; however, the amount of gases given off are substantially more during
flaming combustion.
At present, there are no published studies that measure the δ18O values of evolved
CO2 or CO gas in addition to the δ18O values of resultant plant char. Nevertheless,
several researchers have reported the δ18O values of CO2 and CO produced from biomass
burning (Brenninkmeijer and Röckmann, 1997; Kato et al., 1999; Bergamaschi et al.,
2000; Röckmann et al., 2002; Schumacher et al., 2011). For example, Schumacher et al.
(2011) found that the δ18O values of CO2 were lower than original fuel material and
would increase with increasing temperature in an excess of O2 gas. Notably, the δ18O
values of CO2 were dependant on the preferential diffusion of

16

O-enriched O2 into the

fire, as well as some contribution of oxygen from the original biomass (Schumacher et
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al., 2011).

However, the Schumacher et al. (2011) experiment measured CO2 gas

produced from complete combustion and, therefore, it is unknown whether or not the
δ18O values of CO2 would have been higher or lower than char if it had formed.
The δ18O values of atmospheric carbon monoxide produced during combustion
have occasionally been monitored as a possible way to confirm if the source of the gas is
a result of biomass or fossil fuel burning (e.g. Brenninkmeijer and Röckmann, 1997; Kato
et al., 1999; Bergamaschi et al., 2000; Röckmann et al., 2002; Saurer et al., 2009; Wang
et al., 2010; Schumacher et al., 2011). Carbon monoxide is about 2‰ more enriched in
13

C than CO2 (Stevens and Engelkemeir, 1988) and about 2.0 ± 0.8‰ more enriched in

18

O relative to CO2 evolved from the burning of biomass (Santrock and Hayes, 1985;

Schimmelmann and DeNiro, 1985).

In an experimental study, Kato et al. (1999)

investigated the oxygen- and carbon-isotope compositions of CO from biomass burning.
They report that the δ18O values of CO decreased from about 30 to 18‰ as burning
progressed through the ignition, flaming, and smoldering stages (approximately 40
minutes of charring). The δ18O value of the original wood material was not provided;
however, Kato et al. (1999) suggested that it was likely close to typical cellulose δ18O
values of +26‰, which would be 18O-depleted relative to the initial CO evolved (δ18O =
30‰). The δ13C values of the initial CO gas evolved from wood were more enriched
than the original biomass by about 3.5‰ (Kato et al., 1999). The δ18O values of the
initial CO gas produced from wood burning were heavier than would be expected if
oxygen were contributed from atmospheric O2 (δ18O = 23.5‰). Since the δ18O values of
CO decreased during the smoldering stage, and more CO was produced during this stage,
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the overall weighted δ18O values of CO would be depleted of

18

O relative to both

atmospheric O2 and the original wood (Kato et al., 1999).
Other researchers have observed low δ18O values of CO produced during
wildfires (e.g., Röckmann et al., 2002). The weighted δ18O values of CO formed during
the combustion of biomass in the laboratory are reported as 15-22‰ depending on
combustion conditions; however, the δ18O values of CO can be much lower in the
atmosphere, as

18

O is preferentially consumed during the oxidation of CO with OH

resulting in approximately a 10‰ decrease in the δ18O values of atmospheric CO
(Stevens and Wagner, 1989; Brenninkmeijer, 1993; Wang et al., 2010). Given that there
have been no studies that compare the δ18O values of CO to the δ18O values of resultant
char or other biomass residues, we can only speculate that

18

O may be preferentially

incorporated in CO gas relative to the remaining char. Saurer et al. (2009) report that the
δ18O value of CO evolved after 30 minutes of burning wood for domestic heating in a
wood-stove under variable temperatures was +16.3‰, which is still enriched in

18

O

relative to many of the chars produced above 500°C in this study.
Based on the studies described above, it appears that the δ18O values of CO2 are
lower than that of the fuel source at any given time (Schumacher et al., 2011), while there
is some evidence suggesting that the δ18O values of CO might be higher than the residual
charred biomass (Kato et al., 1999). Enrichment of 18O in CO is an assumption that has
also been made by other researchers to explain the depletion of 18O in CO2 from biomass
burning (Schumacher et al., 2011). As CO2 evolves from plant material during char
formation, we expect this gas to preferentially incorporate

16

O, leaving the remaining
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char enriched in

18

O so that the δ18O values of char should increase as CO2 loss

progresses at higher temperatures. This is not what is observed. While CO2 is the
dominant volatile gas produced during the flaming stages of burning, CO production
dominates during the smoldering stages (Lobert and Warnatz, 1993). Notably, flaming
combustion was observed briefly in this study when plant samples in open crucibles (lidoff) were first placed in the muffle furnace at temperatures ≥800°C (Fig. 4.2), and when
the furnace was opened after a 5-minute burn at 600 and 700°C. In these instances,
combustion was more complete and ash was produced in addition to char. Flaming
combustion may have also occurred at lower temperatures for plant samples charred in
air without lids, but was not observed before the furnace door was closed. However, the
presence of char in the majority of samples indicated that smoldering combustion and CO
gas production was occurring. Production of CO2 gas would have been limited in the
oxygen-restricted experiments (i.e., lid-on treatment and in a nitrogen atmosphere).
As CO evolves from plant material during char formation, we expect this gas to
preferentially incorporate 18O, leaving the remaining char depleted of 18O. This process
would result in lower δ18O values for plant char. As burning and CO loss progresses with
higher temperatures, the δ18O values of both CO gas and the resultant char would
decrease in a manner described by a Rayleigh fractionation process. During Rayleigh
fractionation, heavy oxygen isotopes are incorporated in the product (i.e., CO gas),
leaving the reactant (i.e., plant material or remaining char) depleted of

18

O, resulting in

char with lower δ18O values. The evolution of more CO gas from a char with lower δ18O
values will produce CO that has a δ18O value that is still higher than the δ18O value of the
char, but lower than the δ18O value of the CO formed at a lower temperature.
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Cumulatively, the CO gas collected over the duration of a burn is likely to have a δ18O
value that is lower than that measured for the original fuel source, since most CO will be
produced during smoldering combustion. However, further work is needed to evaluate
whether or not the δ18O values of CO gas evolved from biomass burning at constant
temperatures are higher than the resultant char.
4.3

Removal of specific plant components
The process of thermal degradation of plant material upon heating is well known.

Of the main plant components, hemicellulose breaks down between 220 and 325°C,
cellulose is lost around 350-400°C, and lignin degrades slowly from 200 to >850°C
(Benner et al., 1987; Xiao et al., 2001; Rowell, 2005; Yang et al., 2006). Several
researchers have attributed a decrease in char δ13C values to the preferential loss of 13Cenriched lipids and cellulose at lower temperatures (Czimczik et al., 2002; Turney et al.,
2006; Ascough et al., 2008). The same process could be responsible for the decrease
observed in char δ18O values as thermal degradation progresses at higher temperatures.
In this study, the δ18O values of extracted cellulose were 4.1, 4.7 and 2.7‰ more
enriched than unaltered, whole plant material for oak, pine, and grass, respectively (Table
3.2). Lignin δ18O values were lower than whole wood by 4.5 and 4.1‰ for oak and pine,
respectively. Hence, the loss of cellulose from about 200 to 500°C would remove
material enriched in

18

O and concentrate lignin depleted of

18

O, resulting in an overall

decrease in char δ18O values. Indeed, the largest decrease in char δ18O values occurs in
the temperature range where cellulose is expected to degrade. For the 30-minute charring
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experiment in the muffle furnace, lid-on chars decrease by 2.8 to 6.9‰ at 500°C while
lid-off chars decrease by 7.1 to 8.4‰ at 400°C.
Studies have shown that lignin begins to breakdown slowly at 200°C and
undergoes transformations to more stable, condensed polyaromatic structures as
temperature increases (Darmstadt et al., 2000; Dai et al., 2005; Ascough et al., 2008).
One of the goals of this study was to determine whether the chemical and structural
changes that occur to cellulose and lignin as they thermally degrade are accompanied by
oxygen-isotope fractionation. The δ18O values of cellulose decrease by 11.1 to 12.8‰
(average 12.3 ± 1‰) up to 500°C (lid-on) for all three plant species, but increase slightly
by 5.0‰ at 600°C. The δ18O values of cellulose charred in open crucibles (lid-off)
decrease by 17.0 ± 0.8‰ up to 425°C, and then increase by 6.0 ± 1.5‰ at 500°C rather
than 600°C (Fig. 3.3a). Above 500 and 600°C, cellulose is completely degraded for the
lid-off and lid-on sample treatments, respectively. The δ18O values of lignin charred in
closed crucibles (lid-on) decrease steadily with increasing temperature, with the lowest
oxygen-isotope values observed at 900°C for oak (7.6‰) and 800°C for pine (4.0‰)
(Table 3.2). For oak and pine lignin samples charred in open crucibles (lid-off), a
decrease in δ18O values occurs until 400-500°C and then δ18O values fluctuate about a
mean of 9.5‰ as temperatures increase to 900°C.
Cellulose and lignin account for roughly 60-80% of whole wood, while the
remainder is primarily composed of hemicellulose with minor amounts of amino acids,
carbohydrates, and lipids (Benner et al., 1987; Di Blasi et al., 1999; Yang et al., 2006). A
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three-part mass balance equation using the δ18O values of cellulose, lignin, and whole
wood can be used to estimate the δ18O values of the “other” remaining constituents:
δ18Owood = Xcellulose (δ18Ocellulose) + Ylignin(δ18Olignin) + (1-X-Y)(δ18Oother)

(Eqn. 4-1)

where X is the measured fraction of cellulose in whole wood, Y is the measured fraction
of lignin in whole wood, and δ18Oother represents the combined oxygen-isotope value of
the wood constituents that are removed during cellulose and lignin extractions. For
unaltered, whole oak and pine wood samples, the δ18Oother values were 20.9 and 19.1‰,
respectively. These values are between the δ18O values of cellulose and lignin and are a
good approximation for hemicellulose, which usually makes up the majority of the
“other” wood material. Notably, other researchers have reported that the δ18O values of
hemicellulose are close to that of cellulose, and analysis of holocellulose (hemicellulose
and cellulose combined) produces δ18O values that are lower than pure cellulose (Barbour
et al., 2001; Ferrio and Voltas, 2005). As such, the δ18O values of hemicellulose should
be between those of cellulose and lignin.
It is difficult to repeat these calculations for wood chars produced in this study, as
the fraction of cellulose versus lignin in each char sample was not determined. However,
if we assume that the δ18O values of wood char can be approximated by the two endmembers of cellulose and lignin, a two-part mass balance equation can be used to assess
whether changes in the δ18O values of cellulose and lignin account for the observed
changes in whole char δ18O values for wood:
δ18Ocalculated char = fcellulose(δ18Ocellulose char) + (1-fcellulose)(δ18Olignin char)

(Eqn. 4-2)
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where fcellulose is the proportion of cellulose in a cellulose-lignin mixture, estimated for
each temperature by fcellulose = (weight % remaining of cellulose)/(weight % remaining of
cellulose + weight % remaining of lignin). Notably, this formula for fcellulose assumes
equal contribution of oxygen from cellulose and lignin at ambient temperatures, which is
not entirely accurate.

Nonetheless, the calculated δ18O values of wood at ambient

temperatures are identical within analytical error to measured values (modelled = 22.2‰,
measured = 22.4‰ for oak; modelled = 22.8‰, measured = 22.5‰ for pine). The results
of these modelled wood char δ18O values are listed in Table 3.2, and a comparison of the
measured and modelled δ18Ochar values is presented in Figure 4.1. We observe that the
relationship between the measured and calculated δ18Ochar values have a slope (m) close
to 1 (m = 0.94 for lid-off, m = 0.91 for lid-on), which suggests that the δ18O values of
wood char are primarily controlled by the relative contributions of cellulose and lignin.
The slight increase observed for whole char δ18O values between 200 and 500°C
might, in part, reflect the initial loss of

18

O-depleted lignin at low temperatures. Mass

loss begins at 200°C for lignin (Fig. 3.4), while cellulose mass loss is not significant until
300°C; hence, the relative proportion of cellulose in plant material would be greater at
200°C. This might occur at higher temperatures for larger samples of whole wood, since
larger samples can result in heterogeneous sample temperatures and restricted heat
transfer when heating rates are rapid (Völker and Rieckmann, 2002). However, cellulose
δ18O values tend to peak around 350°C, and this might also cause an increase in whole
wood char δ18O values.
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Since cellulose is completely degraded by 500-600°C, the modelled δ18O values
for wood char above these temperatures are assumed to be equivalent to the measured
δ18O values of lignin (Table 3.2). Notably, the measured versus modelled δ18O values for
lid-off samples plot close to the 1:1 line (Fig. 4.1). This indicates that the δ18O values of
charred whole wood are approximately equal to the δ18O values of charred lignin for the
lid-off sample treatment between 600-900°C, despite differences in initial starting
amount for these different sample types. For the lid-on sample treatment, the calculated
δ18O values of wood char (n.b., measured δ18O values of charred lignin at temperatures
>600°C) do not approximate the actual δ18O values of whole wood as they are usually
lower, plotting below the 1:1 line (Fig. 4.1). In the oxygen-restricted environment of the
lid-on sample treatment, it is possible that some

18

O-enriched cellulose residues are

preserved and contribute to the δ18O values of whole wood chars, making the actual δ18O
values higher than predicted. While the δ18O values of wood char may be primarily
determined by the relative contributions of cellulose and lignin, the decrease observed in
δ18O values for both cellulose and lignin prove that there is some isotope fractionation
occurring between wood char and its specific chemical constituents during heating.
4.4

Degree of burning
During natural forest fires, the distinct layers of a tree (see section 1.1.3.2) will

not be exposed to the same amount of oxygen, or to constant temperatures for the same
amount of time. This study assessed a few of these variables (i.e., temperature, duration,
and oxygen availability) and their effects on the δ18O values of resultant plant char.
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4.4.1

Oxygen availability and the effects of initial sample size
Plant chars were formed in a muffle furnace in open crucibles (lid-off) and closed

crucibles (lid-on), and also in a tube furnace under a flow of N2 gas. These conditions of
oxygen availability represent a spectrum from burning in open air (lid-off crucibles) to
charring in an anaerobic environment (N2 gas). The δ18O values of plant samples charred
under all of these conditions decreased with increasing temperature.

However, the

absolute change in δ18O values up to 900°C (30-minute charring duration) was greater for
chars formed in a nitrogen atmosphere than in an open air (lid-off) or oxygen-restricted
(lid-on) environment.
The δ18O values of the starting plant material were the same for all three charring
experiments. The δ18O values of char formed from oak and pine tree species at 900°C for
the nitrogen atmosphere, lid-on, and lid-off experiments averaged -2.9, 3.8, and 4.9‰,
respectively. However, if we consider only the differences between the lid-on and lid-off
sample treatments that took place in the muffle furnace for 30 minutes, the δ18O values of
the lid-on chars are consistently higher than the lid-off chars (between 300-800°C for oak
and 400-800°C for pine) by 0.9 to 8.3‰. A similar pattern is observed for the lid-on and
lid-off experiments that took place for 5 minutes in the muffle furnace, where the δ18O
values of the lid-on chars are consistently higher than the lid-off chars by 5.1 to 12.9‰
from 500 to 900°C for oak and 500 to 800°C for pine. At higher (in some cases 900°C)
and lower temperatures (25 to 300-500°C), char δ18O values for the lid-on and lid-off
sample treatments are similar when comparing 5- and 30-minute charring durations
(average σ = ±0.2‰). The lower δ18O values observed for lid-off chars relative to lid-on
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chars are likely the result of a higher degree of burning in the lid-off chars. Indeed, when
samples charred in open crucibles (lid-off) were first placed in the muffle furnace,
flaming combustion was often observed (Fig. 4.2), which could have increased charring.
Other indicators of degree of burning are percent weight loss and the amount of
oxygen remaining in the sample. Weight losses observed for the lid-on sample treatment
were always lower than the lid-off treatment at 500°C by 18-22 and 25-39% for the 30and 5-minute durations, respectively, and by 6-11% for both the 30- and 5-minute
durations at 900°C. This indicates that weight loss was more complete when oxygen was
available; however, differences in weight loss behaviour between lid-on and lid-off
experiments were minimized when charring occurred for a longer duration or at a higher
temperature, presumably as char formation neared completion. The amount of oxygen
remaining in char samples decreased progressively with increasing temperature for all
treatments (Table 3.1). Surprisingly, despite variations in weight loss between lid-on and
lid-off sample treatments, the oxygen content of chars formed in both experiments only
varied by an average of 1.0% for both the 5- and 30-minute durations at all temperatures,
except those temperatures where cellulose degrades. For the 30-minute duration, lid-on
chars contain more oxygen than lid-off chars by 4.3 to 8.9% around 300°C, while lid-on
chars have 9 to 14% more oxygen than lid-off chars around 500°C for the 5-minute
duration. This suggests that char produced in open air (lid-off) is more degraded because
of greater oxygen availability that promotes charring. Moreover, lower δ18O values are
associated with lower percent oxygen for lid-off chars relative to lid-on chars.
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Chars formed and cooled in a tube furnace under a flow of N2 gas were exposed
to the least amount of oxygen and, therefore, we might assume that they did not
experience flaming combustion and should be more similar to lid-on chars. Indeed, the
δ18O values of grass chars formed after 30 minutes in a nitrogen atmosphere are higher
than those formed in open air (lid-off, 30 minutes) by 0.3 to 6.9‰ from 200-900°C.
There was no consistent pattern observed when comparing the δ18O values of the 30minute, lid-on sample treatment to the nitrogen atmosphere experiment. The δ18O values
of grass chars formed under a flow of N2 gas were -6.5 to +4.7‰ different than lid-on
chars formed in the muffle furnace. However, for oak and pine tree species charred
between 600 and 900°C, chars formed in nitrogen after 30 minutes are consistently more
depleted of 18O than chars formed in air without lids (lid-off) after 30 minutes by 4.0 to
9.0‰.

This might be a result of varying amounts of starting material at different

temperatures, as 2-4 g of plant material was used to form chars in the muffle furnace (lidon and lid-off), while samples charred in a nitrogen atmosphere had a constant starting
amount of 200 mg at all temperatures. Notably, a smaller amount of starting material
would result in a greater surface area exposed to heat, as well as a reduced path length for
thermal conduction to heat the plant material more thoroughly.

Furthermore, other

studies have demonstrated that initial sample size can influence the amount and δ13C
values of char produced (Órfão et al., 1999; Ascough et al., 2008).
A thorough study of the effects of sample size and amount of starting material on
the δ18O values of plant char is required to resolve this issue. Although this was not one
of the objectives of this study, some charring experiments were repeated with different
starting amounts of plant material. Initially, 30-minute chars were formed using 2 g of
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starting material at all temperatures; however, both ash and char were forming at higher
temperatures (>300-500°C). The thickness of the ash layer increased with increasing
temperature, particularly for the lid-off sample treatment. The formation of an ash layer,
especially on wood, can create a protective coating that insulates the remaining plant
material from heat and restricts oxygen movement to the interior of the sample, resulting
in ideal conditions for char formation (Schumacher et al. 2011). The initial 2 g starting
amount for samples charred at temperatures above 600°C often resulted in the entire
sample being converted to ash in the open air (lid-off) experiment, leaving little to no
char remaining for oxygen-isotope analysis.

As such, varying amounts of starting

material were used when this experiment was repeated. Slightly more material (~3-4 g)
was used at higher temperatures for the lid-off sample treatment, where ash formation
was most prominent, and less material (approximately 1 g) was used at lower
temperatures where percent weight loss was minimal (Table 3.1). Plant samples charred
for 5 minutes were originally formed using 1 g of material, whereas 1 to 3 g of material
was used for the lid-off sample treatment (n.b., only 1 g of material was still used for the
lid-on treatment) when the experiment was repeated.
Figure 4.3 compares changes in percent weight loss experienced by plant samples
charred from 200-900°C during the first set of experiments (i.e., constant amounts of
starting material) versus the second set of experiments (i.e., varying amounts of starting
material). It is evident that initial sample size has an appreciable influence on the amount
of material lost during charring. This is likely related to thermal insulation, which would
be greater for samples having larger starting amounts of material. Ascough et al. (2008)
note that mass loss and carbon content increase more slowly for 1 cm3 blocks of wood
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than for ground wood material (1-2 mm), suggesting the structure and greater mass of the
blocks result in a longer volatile transport time, thereby enabling more secondary charforming reactions to occur. In the current study, increasing sample sizes for charring at
higher temperatures generally resulted in a smaller mass loss (n.b., the percent oxygen
content of chars formed during lid-on and lid-off experiments was similar at most
temperatures, despite differences in starting sample amount). Pine chars formed at lowtemperatures (200-400°C, 30 minute duration) are an exception to this observation, where
cellulose degradation is sensitive to small changes in temperature.
Given that sample size impacts the amount of material lost during charring, there
is potential for the amount effect to also influence the δ18O values of resulting char.
Although all plant samples from the two charring experiments (i.e., constant versus
varying starting amounts) were analyzed for their δ18O values, chars formed during the
first experiment were not purified of ash. Plant ash generally had low and variable δ18O
values that made char δ18O values heterogeneous. Hence, the experiment was repeated
using larger and varying sample sizes such that char could be picked free of ash for
TC/EA analysis. The δ18O values were similar (±0.31‰) for char samples containing
little to no ash in both experiments (i.e., chars formed below 500°C and those formed in
closed crucibles), provided the analyses did not follow another sample that was
contaminated with a large amount of ash. However, many of these repeats had the same
amount of starting material. For char samples contaminated with large amounts of ash,
reproducibility was ±1.24‰ when a sample was reanalyzed, and ±2.19‰ when the δ18O
values of the first experiment were compared to those of samples that were charred again
with a different amount of starting material and picked free of ash. Notably, some of this
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latter variation can be attributed to contamination of samples with

18

O-depleted ash

during the first charring experiment.
To reiterate, further work is clearly needed to understand the influence of sample
size and amount of starting material on the δ18O values of plant char. Meanwhile, we
cannot rule out that the small initial sample size (200 mg) used for chars produced in a
nitrogen atmosphere could be at least partially responsible for the lower δ18O values
observed for these samples. Smaller sample size could potentially result in (1) a faster
transfer of heat throughout the sample, increasing the degree of burning, (2) greater
surface exposure to react with atmospheric water vapour, (3) increased rates of diffusion
of evolved gases away from the sample, and/or (4) a smaller initial oxygen reservoir that
is more susceptible to oxygen-isotope exchange and fractionation.
4.4.2

The effect of charring duration
To assess whether or not the δ18O values of plant char were affected by the

duration of burning, samples of oak, pine, and grass species were charred for 5 and 30
minutes in a muffle furnace in open (lid-off) and closed (lid-on) crucibles. For this
comparison, we will first consider chars formed at temperatures below 500°C where the
initial sample size was always 1 g, thereby eliminating the effects of varying starting
amount. Below 500°C, the percent weight loss experienced by samples charred for 5
minutes was 3.8 to 49.5% less (lid-on sample treatment) and 2.7 to 65.4% less (lid-off
treatment) than samples charred for 30 minutes. The most significant differences in
weight loss were observed for plant samples charred at 400°C, where cellulose degrades
rapidly (Xiao et al., 2001; Yang et al., 2006). The greater weight loss experienced by
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samples charred for 30 minutes reflects the more complete decomposition of cellulose.
At the lowest temperature (200°C), variation in the percent weight loss between 30- and
5-minute charring durations was minimal (±1.9 to 3.1%). This is comparable to the
variation observed between the first and repeated 5-minute charring experiment at this
temperature (±1.8 to 3.2%). For oak and pine tree species heated at 200°C for 5 versus
30 minutes, the δ18O values are within 0.5‰ and very close to analytical error. Hence,
during dehydration, very little oxygen-isotope fractionation occurs.
The difference in char δ18O values at 300°C between the 5- and 30-minute
durations for oak, pine, and grass averaged 1.8‰ for the lid-on sample treatment. Only
under these conditions (i.e., lid-on, 300°C) did we observe consistently higher δ18O
values for the 30-minute chars relative to the 5-minute chars. Plant samples charred in
closed crucibles (lid-on) at 300°C for 30 minutes exhibited δ18O values that were always
enriched in 18O by about 1.6‰ relative to chars formed at 200°C and unaltered wood or
grass samples. Ascough et al. (2008) observed a similar increase in the δ13C values
(+0.5‰) of mangrove during charring at similar temperatures. This positive shift in char
δ18O values at 300°C could result from loss of water vapour that is depleted of
perhaps early loss of

18

18

O, or

O-depleted lignin at 200°C, which could also increase the δ13C

values of char in this temperature range. While this slight increase in plant δ18O values
consistently occurs at 300°C for chars formed in closed crucibles after 30 minutes, the
same increase is observed at higher temperatures for the lid-on, 5-minute chars (n.b.,
400°C for oak and 500°C for pine and grass species). At 400°C, oak and pine chars
produced after 30 minutes have δ18O values that are 0.6 to 2.2‰ lower than chars formed
after 5 minutes (lid-on sample treatment), while the 30-minute grass char is enriched in
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18

O by 0.5‰ relative to the 5-minute char. At low temperatures, it is evident that

cellulose degradation, and the associated decrease observed in δ18O values, is similar
(within ~2‰) for both 5- and 30-minute charring durations under oxygen-restricted
conditions (lid-on).
At 300°C, the δ18O value of pine charred for 30 minutes (lid-off sample
treatment) was also 1.8‰ higher in comparison to the 5-minute experiment, while the
δ18O values of oak and grass charred for 30 minutes in open crucibles (lid-off) were
slightly lower (0.5 to 0.9‰) relative to samples charred for 5 minutes (Table 3.1). This
pattern reflects the fact that oak and grass char δ18O values do not increase above the
δ18O values measured for unaltered whole plant material at 300°C under oxygenated
conditions. At 400°C, however, the difference in δ18O values between 5- and 30-minute
charring durations is substantial for the lid-off experiment, as 30-minute chars exhibit
δ18O values that are 8.2 to 10.6‰ lower than those observed for the 5-minute chars.
Notably, cellulose is very susceptible to thermal degradation at 400°C in open air and
charring duration will ultimately determine the extent of cellulose removal, since five
minutes is not long enough for significant decomposition of cellulose at this temperature.
Although 30-minute, lid-off chars show the greatest decrease in δ18O values by
400°C, reflecting the removal of 18O-enriched cellulose, the largest incremental decrease
in δ18O values (12.1‰) was observed for the 5-minute, lid-off chars at 500°C. In this
instance, cellulose degradation occurred at a higher temperature when the charring
duration was insufficient to degrade cellulose at 400°C. In contrast, chars produced after
5 minutes in closed crucibles (lid-on) did not exhibit a sudden incremental decrease in
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δ18O values in this temperature range, as cellulose degradation was likely limited during
the first 5 minutes of charring under oxygen-restricted conditions. For these samples,
brown char is present up until 500-700°C, while those that appear to lose their cellulose
earlier (n.b., based on decreases observed in δ18O values) form black char at temperatures
≥300°C (Table 3.3). By 400°C, the total weight loss of plant samples charred for 5
minutes in open air (lid-off) is 40.5-42.2%, while samples charred without lids for 30
minutes experienced total weight losses of 90.6 and 81.4% for oak and grass,
respectively. The total weight losses experienced by 5- and 30-minute chars produced
from pine under oxygenated conditions follow a similar pattern (42% after 5 minutes, and
93% after 30 minutes), but for a repeated experiment the total weight loss recorded after
5 minutes was only 13%. This large variability in percent weight loss for the 5-minute
charring duration emphasizes the sensitivity of cellulose degradation at and around 400°C
in open air.
Unfortunately, a consistent starting sample amount was not used for plant chars
formed above 500°C for the 5- and 30-minute charring durations. Above 500°C, samples
charred for 30 minutes had 2 to 4 g of starting material, while samples charred for 5
minutes had initial sample sizes between 1 and 3 g. As such, none of the 5- and 30minute charring durations were directly comparable in terms of sample size. Regardless,
the δ18O values of the 30-minute chars were lower than the 5-miunte chars by 0.2 to
10.8‰, even though samples charred for 30 minutes had consistently larger amounts of
starting material (n.b., which could have potentially diminished the effects that cause a
decrease in δ18O values during charring). Although a longer charring duration generally
results in lower δ18O values, between 500-700°C the 5-minute chars formed in open
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crucibles (lid-off) exhibited lower δ18O values than the 30-minute chars produced in
closed crucibles (lid-on) in the same temperature range. Hence, charring duration and
oxygen availability are both important factors in determining the final δ18O values of
plant char.
Fire severity is a measure of both the temperature and duration of charring (Pérez
and Moreno, 1998; Certini, 2005). We can conclude from this data that longer charring
durations at constant temperatures result in lower oxygen content and lower δ18O values
for plant samples (Table 3.1). This may be a result of progressive loss of volatile gases
(e.g., CO), greater thermal degradation of
18

18

O-enriched cellulose and concentration of

O-depleted lignin relative to whole plant material, or more opportunity for exchange

with atmospheric water vapour. Irrespective of the mechanism of 18O-depletion, the δ18O
values of plant char appear to reflect the degree of burning (i.e., temperature, oxygen
availability, and duration all together) rather than charring temperature alone.
4.5

Species effects on the oxygen-isotope composition of char
The plant species investigated in this study were chosen to compare the char

characteristics of hardwood (white oak) versus softwood (red pine) tree species, versus a
C4 grass (big bluestem). Percent weight loss data upon charring of plant samples at
constant temperatures from 200 to 900°C is presented for the three different species for
all sample treatments in Figure 3.5. Additional weight loss data, including derivative
weight loss rate curves, is presented in Figure 3.6 for samples heated to 1,000°C in the
TGA. All comparisons between species had similar amounts of starting material for the
same temperature and treatment.
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Chars produced from each of the plant species follow a similar weight loss
pattern. Between species, the percent weight loss varies by an average of ±2.4% at each
temperature for chars formed after 30 minutes in the muffle furnace in covered crucibles
(lid-on). Weight loss differences between species are slightly higher for lid-on chars
formed after 5 minutes (average σ = ±3.8%), and this is particularly evident in the 500600°C temperature range where cellulose decomposition occurs. At these temperatures,
oak experiences the greatest amount of weight loss. For the 5-minute, lid-off sample
treatment, all three species experience similar percent weight losses, with higher weight
losses observed for oak between 500-600°C and the lowest percent weight loss observed
for grass. Samples charred in open air (lid-off) for 30 minutes underwent the most
complete weight loss, with all three species reaching ~90% at 500°C (Fig. 3.5). One
noticeable difference in percent weight loss between species occurs at 300°C for pine
char formed in open air after 30 minutes. Here, pine char experiences a significantly
lower percent weight loss (17.6%) compared to oak and grass chars that averaged 66%
weight loss. This is not entirely surprising, as highly variable percent weight loss was
also observed for pine char formed after 5 minutes in open crucibles (lid-off) at 400°C,
where percent weight loss changed from 13 to 42% in repeat experiments (as discussed
above in section 4.4.2). Weight loss in this temperature range is primarily attributed to
the loss of carbohydrates (i.e., hemicellulose and cellulose), and it is evident that
cellulose degradation in pine is very sensitive to small changes in temperature in this
range. For samples charred in a nitrogen atmosphere, the percent weight loss is similar
for all plant species; however, grass loses more weight (16%) than wood at 300°C and
has an overall lower percent weight loss (4.1% lower) than wood above 500°C (Fig. 3.5).
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The percent weight loss patterns displayed by plant samples charred in the muffle
(air) and tube (nitrogen) furnace experiments are similar to those observed in the more
controlled conditions of the TGA (Fig. 3.6). Weight loss in the TGA was always more
complete because of the smaller initial sample sizes (5-10 mg). When heated in the
TGA, samples from all three species reached 97-100% weight loss by 500°C when
charred in air and 78-85% weight loss when charred in a pure nitrogen atmosphere. All
plant species behave in a similar manner above 500°C, with the greatest difference in
percent weight loss observed for grass, which was slightly lower than oak or pine tree
species when heated under a flow of N2 gas. Below 500°C, the weight loss behaviour of
grass and oak are identical, while pine loses less weight than the other two plant species
at 300°C. The delayed weight loss experienced by pine at this lower temperature is
similar to what is observed in the furnace experiments, and it is therefore likely that pine
cellulose is more thermally stable than that of oak or grass. Moreover, Czimczik et al.
(2002) note that hardwood tree species can sometimes experience greater weight losses
compared to softwoods at lower temperatures because hardwoods generally contain
slightly higher amounts of cellulose. However, this trend is opposite to the findings of
Ascough et al. (2008) who observed higher weight losses in softwood relative to
hardwood, and speculated that this was related to (1) the higher lignin content of
softwoods relative to hardwood tree species, and (2) the loss of more extractives that
have low thermal stability at temperatures below 300°C. Regardless, in the current study,
weight loss for softwood tree species (pine) was found to be more variable than for
hardwoods (oak), as was also observed by Czimczik et al. (2002).
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Changes in the δ18O values of oak, pine, and grass samples upon charring are
displayed in Figure 3.2 for the 5- and 30-minute durations in the muffle furnace (lid-on
and lid-off) and for the 30-minute experiment that occurred in a nitrogen atmosphere.
Between 200-300°C, the change in δ18O values relative to unaltered plant material is very
small and similar for all three species charred under all sample treatments. The δ18O
values of chars produced from grass, however, were difficult to determine within
reasonable precision. Notably, grasses tend to have higher nitrogen content than wood,
and it was observed for grass chars formed at higher temperatures (particularly those
formed under a flow of N2 gas in the tube furnace), a N2 peak (mass 28) was evolved
during pyrolysis in the TC/EA that potentially overlapped with the CO peak. Although it
had a very small amplitude, N2 contributed to the mass 28 and made char δ18O values
abnormally low when the N2 and CO peaks overlapped each other. When the N2 peak
occurred about five seconds before the CO peak, char δ18O values became higher than
original, unaltered plant δ18O values. More reasonable δ18O values were obtained for
char samples when the CO and N2 peaks were separated by 30 seconds.
The successful separation of the N2 and CO peaks resulted in greater precision for
grass char δ18O values; however, there were insufficient resources to perform repeat
analyses on all grass char samples. We confirmed that the oxygen-isotope data presented
here had full separation between the N2 and CO peaks, but not all were separated by up to
30 seconds. In addition, grass chars were created from the ground and homogenized
leaves, sheaths, and stems of several dozen big bluestem plants. Although every effort
was made to thoroughly grind and homogenize the grass material before charring, the
small amount of char required for TC/EA analysis (<0.15 mg) may not be representative
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of all the combined plant parts. Furthermore, other researchers have determined that the
δ18O values of grass species can vary among plants and even among tissues within the
same plant (Helliker and Ehleringer, 2002; Webb and Longstaffe, 2006). As such, some
of the variation observed in grass char δ18O values may be the result of analytical and/or
sampling error.
Shifts in plant char δ18O values with increasing temperature are similar for all
species, with differences of ±2.6‰ in the 200-400°C temperature range and differences
of ±5.3‰ in the 500-900°C range (Fig. 4.5). For samples charred in open air (lid-off),
where greater oxygen availability results in more complete charring, the Δ18Ochar-raw
values of char from all three species tend to converge at about -16.2 ± 1.5‰ (i.e.,
approximately 15 to 18‰ lower than raw, unaltered plant material) at 900°C. For
samples charred in covered crucibles (lid-on), where oxygen availability is restricted,
there is a much greater range in Δ18O values among plant species (Δ18O = -12.7 ± 6.3‰)
for chars produced at 900°C. Markedly, most of this difference in Δ18O values results
from a smaller depletion of

18

O in grass chars relative to those produced from tree

species. Oak and pine chars formed in closed crucibles (lid-on) at 900°C are more
similar to each other, having an average Δ18O value of -16.0 ± 3.9‰. While the δ18O
values of oak and pine chars steadily decrease up to 900°C, the δ18O values of grass char
tend to fluctuate about a mean value between 500-800°C.
The lower δ18O values observed for grass char at 900°C were collected when the
TC/EA parameters were configured to maximize the spread between the N2 and CO
peaks, and we suggest that all grass chars should be reanalyzed under the same conditions
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to confirm this trend. However, if this trend is accurate, it is likely a result of the lower
concentration of lignin in grass tissues (4-9%) relative to wood, which contains between
17-31% lignin (Sullivan, 1955; Allen et al., 1976; Benner et al., 1987). Hence, we do not
see a progressive decrease in char δ18O values associated with the degradation of lignin in
wood samples. Above 500°C, grass char δ18O values seem to change very little, and this
is confirmed by TGA results that show little weight loss occurs above 500°C for charring
in air or in a nitrogen atmosphere (Fig. 3.6).
A greater decrease in δ18O values is observed for oak and pine relative to grass
charred under oxygen-restricted conditions (i.e., lid-on sample treatment and in a nitrogen
atmosphere), and this 18O-depletion is emphasized by the Δ18Ochar-raw values presented for
all three species in Figure 4.5. Grass char δ18O values exhibit less of a decrease when
there is very little (lid-on) to no oxygen (N2 atmosphere) available, suggesting that grass
requires more oxygen during char formation to continue decomposition that would cause
δ18O values to decrease. This might be a result of the lower lignin content in grasses and,
correspondingly, the achievement of lignin degradation (e.g., to more condensed
polyaromatic structures) at lower temperatures.

The oxygen content of grass chars

continues to decrease from 18.7 to 7.6% between 500 and 900°C, indicating that grass
chars continue to lose oxygen even though there is little change observed in δ18O values
over this temperature range.
4.6

Oxygen-isotope composition of plant ash
Upon pyrolysis in the TC/EA, oxide minerals within plant ash (e.g., calcite and

lime) can release oxygen that influences the δ18O values measured for char. In this study,
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plant ash δ18O values were within the range of δ18O values for char produced from tree
and grass species. Since ash does not properly combust in the TC/EA, residual material
can result in a memory effect that can alter the δ18O values of subsequent char samples
and reference standards.

For example, TC/EA standard reference materials USGS-

H2Olow (expected δ18O value = -3.15‰) and ANU Sucrose (expected δ18O value =
36.4‰) had consistently higher (0.6-1.7‰) and lower (1.1-2.2‰) δ18O values,
respectively, when run after ash-contaminated char samples. Likewise, plant ash has the
ability to decrease char δ18O values when it is present during TC/EA analysis. The δ18O
values of calcite (CaCO3) and lime (CaO) formed during ash production upon charring of
plant material can be quite low (e.g., approximately -17‰; Shahack-Gross et al., 2008).
In the current study, ash contamination of plant chars formed between 300 and 900°C
produced δ18O values that were -5 to +10‰ different compared to ash-free chars formed
at the same temperatures. Since the δ18O values of ash should depend on the temperature
of formation, and memory effects in the TC/EA can cause low-temperature chars to be
contaminated with oxygen from high-temperature ash from a previous sample (and vice
versa), it is difficult to determine the exact oxygen-isotope composition of the ash
contaminating char samples analyzed in this study.

Modelled char δ18O values (‰, VSMOW)
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Figure 4.1 δ18O values (‰, VSMOW) of measured (actual; x-axis) versus modelled
(calculated; y-axis) wood char. Modelled char δ18O values were approximated using a
two end-member mass-balance model based on the δ18O values of cellulose and lignin
chars extracted from white oak and red pine tree species charred at various temperatures
(°C) under different conditions (see equation 4-2). This model can be used to assess
whether changes in the δ18O values of cellulose and lignin chars account for the observed
changes in whole wood char δ18O values. Lid-off sample values generally plot close to
the 1:1 line (m = 0.94), while lid-on sample values tend to fall slightly below the 1:1 line
(m = 0.91).
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Figure 4.2 Samples of oak, pine, and grass placed in the muffle furnace at 800°C. Flaming
combustion was observed for all plant samples placed in crucibles without lids (lid-off)
before the furnace door could be shut.
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Figure 4.3 (1) Percent weight loss comparisons for white oak, red pine, and big bluestem plant species (A-J) charred at various temperatures (°C) under
different conditions. It is clear that starting sample amount (g) affects percent weight loss, most noticably for samples charred in air without lids (lid-off).
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Figure 4.3 (2) Percent weight loss comparisons for white oak, red pine, and big bluestem plant species (A-J) charred at various temperatures (°C) under different conditions.
It is clear that starting sample amount (g) affects percent weight loss, most noticably for samples charred in air without lids (lid-off).
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Figure 4.4 Comparison of the effects of oxygen availability (lid-off versus lid-on) and charring duration (5 versus 30 minutes) for white oak (Q. alba) and red pine (P.
resinosa) tree species and big bluestem (A. gerardii) grass (A-D) charred at various temperatures (°C).

89

5

A

Δ18O (‰, VSMOW)

0
-5
-10
-15
-20

Oak

-25

Pine

All Plant Species Δ18O - N2 atm., 30 minutes

Grass

-30
0

100

200

300

400

500

600

700

800

900

1000

Temperature (°C)
5

-5
-10
-15
-20

Oak
Pine

-25

All Plant Species

Grass

-30
0

100

200

300

400

Δ18O

600

700

-5
-10
-15
-20

Oak
Pine

-25

- Lid OFF, 30 minutes

500

C

0

Δ18O (‰, VSMOW)

0

Δ18Ο (‰, VSMOW)	


5

B

800

900

1000

All Plant Species Δ18O - Lid OFF, 5 minutes

Grass

-30
0

100

200

300

5

Δ18O (‰, VSMOW)

Δ18O (‰, VSMOW)

-10
-15
Oak
Pine

-30
0

100

200

300

400

500

600

Temperature (°C)

700

800

900

1000

700

E

-5
-10
-15
-20

Oak
Pine

-25

All Plant Species Δ18O - Lid ON, 30 minutes

Grass

600

0

-5

-25

500

5

D

0

-20

400

Temperature (°C)

Temperature (°C)

800

900

1000

All Plant Species Δ18O - Lid ON, 5 minutes

Grass

-30
0

100

200

300

400

500

600

700

800

900

1000

Temperature (°C)

Figure 4.5 Overall shift in oxygen-isotope values (Δ18O, ‰, VSMOW) of white oak (Q. alba) and red pine (P. resinosa) tree species and big bluestem (A.
gerardii) grass charred at various temperatures (°C) under different conditions (A-E).
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Chapter 5: Conclusions and Recommendations
5.1

Summary
Charring of oak, pine, and grass species produced several obvious trends as

temperature and duration increased: the δ18O values and overall oxygen content
decreased, while percent weight loss increased. Furthermore, colour may be indicative of
degree of burning, as plant material undergoes colour changes with increasing
temperature, forming brown and subsequently black char generally by 500°C. The δ18O
values of plant material became progressively depleted of 18O by up to 25.8‰ for wood
and 16.5‰ for grass as temperature, duration of burning, and amount of oxygen
increased. There are several possible reasons for the progressive decrease in δ18O values
observed with increasing temperature. One possibility is that charred plant samples could
be exchanging with

18

O-depleted atmospheric water vapour while inside the muffle

furnace at higher temperatures, and/or after they’ve been removed from the furnace and
are left to cool to room temperature on the counter.

However, exchange with

atmospheric water vapour is thought to play a minor role if any, given that there is no
water vapour present during charring and subsequent cooling in the tube furnace under a
flow of N2 gas where char samples exhibited the lowest δ18O values. Another possible
reason for the decrease observed in char δ18O values with increasing temperature is
fractionation occurring during the production and loss of volatile gases, namely CO that
is believed to preferentially incorporate

18

O, leaving the remaining char

18

O-depleted.

However, the primary reason for the decreasing δ18O values is attributed to the loss of
18

O-enriched plant constituents, predominately cellulose and hemicellulose, at lower
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charring temperatures (300-600°C). This would result in a greater proportion of

18

O-

depleted lignin (or lignin residues, rather) in chars produced at higher temperatures.
The δ18O values of char vary primarily with the relative proportions of individual
plant components present, which are more completely degraded when charred at higher
temperatures and for longer durations. Moreover, the δ18O values of these individual
chemical components remaining in char also depend on the amount of oxygen available.
For example, in a comparison of lid-off versus lid-on samples charred in the muffle
furnace, samples charred with more available oxygen (lid-off) experienced greater weight
losses at lower temperatures and exhibited lower δ18O values, indicating more
degradation of cellulose and lignin components. Notably, the percent weight loss of plant
samples upon charring varied with the amount of starting material, and it is possible that
starting amount may also affect resulting δ18O values. The lowest δ18O values that were
observed for chars formed in a nitrogen atmosphere may reflect greater degradation of
smaller amounts of starting material. This study also assessed the effect of charring on
hardwood versus softwood tree species, as well as wood compared to grass.

The

behaviour of δ18O values of chars formed at constant temperatures from hardwood (oak)
and softwood (pine) tree species were similar; however, it was found that pine was more
thermally stable than oak in the temperature range where cellulose degrades. When
comparing the δ18O values of wood versus grass species with increased charring
temperatures, the δ18O values of grass did not experience as great a decrease.
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5.2

Implications for reconstruction of paleo-fire intensities
Previous researchers have been able to identify the occurrence of past fires

through the identification of char and other biomarkers associated with biomass burning
that are preserved in soils (Dowman, 1970; Scott, 1989; Hartford and Frandsen, 1992;
Pessenda et al., 1996; Skjemstad et al., 1996; DeBano et al., 1998; Talon et al., 2005;
Eckmeier and Wisenberg, 2009). Fire intensity is an important parameter for assessing
fire behaviour and ecosystem susceptibility to fire (Pérez and Moreno, 1998; Certini,
2005; Knicker, 2007). For example, the chemistry and physical structure of soils vary in
response to fire intensity (Certini, 2005), and the survival rate of organisms is dependant
on the temperature and duration of exposure during a fire (Perez and Moreno, 1998).
Moreover, fire safety engineers are interested in fire behaviour and fire performance
characteristics of wood (e.g., combustibility, flame spread, fire intensity and endurance,
etc.), since information on the fire behaviour of wood products is needed to evaluate fire
safety for wood construction (White and Dietenberger, 1999). Experimental fire
temperatures can be assessed with (1) temperature-residence-time meters, (2) pyrometers
with fire-sensitive paint, and (3) open calorimeters that release steam when heated (Pérez
and Moreno, 1998). However, post-fire assessment in regions where monitoring devices
were not used relies on calculations of heat-output per unit area based on the amount of
fuel burned and/or measuring the minimum diameter of surviving branches (Pérez and
Moreno, 1998).

Notably, none of these techniques are applicable to paleo-fire

investigations, and the aim of this study was to determine whether or not the δ18O values
of charred plant material could be related to the temperature and duration of burning.
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We observed that char δ18O values vary with temperature, but these values also
vary with charring duration, the amount of starting material, oxygen availability, as well
as plant species. Ascough et al. (2008) demonstrated that the δ13C values of char are
slightly depleted of δ13C relative to starting wood by up to 1.6‰ for Scots pine (Pinus
sylvestris), and the amount of this offset varies with starting material, charring
temperature, and atmospheric composition. On a large sample of wood, such as a tree
trunk, Ascough et al. (2008) maintain that variable δ13C values could be produced as a
result of varying thermal gradients and internal transport of oxygen associated with
cracking of the sample. We predict that the δ18O values of char produced from a large
sample of wood would be even more variable than the δ13C values, since δ18O values can
be up to 25.8‰ lower than the starting material depending on char formation conditions.
Figure 5.1 shows the average δ18O values (±1σ) of all chars produced at each
temperature from all plant species under all experimental sample treatments explored in
this study. The standard deviation steadily increases from ±1.5‰ for chars formed at
200°C up to a maximum of ±6.5‰ at 900°C (Fig. 5.1a). Standard deviations are slightly
improved (±0.43 to ±5.88‰ from 200 to 700°C) when only wood chars are taken into
consideration (Fig 5.1b). A naturally occurring soil char assemblage comprised primarily
of chars formed from wood can be expected from the burning of forests. In addition,
because natural fires have access to free oxygen in the atmosphere, a comparison of chars
produced only in the muffle furnace for all three species was done and yielded δ18O
values at each temperature with standard deviations of ±1.6 to ±5.6‰ (Fig. 5.1c).
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The variation observed in δ18O values for char formed at a specific temperature
results in considerable error when trying to use char δ18O values to predict formation
temperature. For example, a grass char formed at 900°C (lid-on, 30 minutes, δ18O =
15.5‰) can have the same δ18O value as a pine char formed at 500°C (lid-on, 30 minutes,
δ18O = 15.8‰; Table 3.1). However, given that char preserved in pieces greater than a
few microns in size often retains the anatomy of the original plant, it is possible to
identify the charred plant sample using taxonomic identification methods (Scott and
Glasspool, 2007; Scott 2010). Be that as it may, even within a single plant species,
similar δ18O values were measured for samples formed under different conditions. For
instance, a small sample of oak char formed under anaerobic conditions (N2-atmosphere,
30 minutes, δ18O = 19.3‰) at 400°C has a δ18O value similar to a larger sample of oak
charred at 600°C in an oxygen-restricted environment (lid-on, 30 minutes, δ18O =
18.8‰).
This study demonstrates that the δ18O values of plant material vary with charring
intensity, which is related to the temperature and duration of charring, but also the
amount of oxygen present and the size of the starting material. As such, in order to
successfully use the δ18O values of char as an indicator of fire intensity, further work
must explore the relationship between char δ18O values and the degree of burning.
Possible indicators of the degree of burning include: (1) colour changes, which are most
sensitive between ambient temperatures and 500°C, (2) percent weight loss, which is
most sensitive in the temperature range where cellulose degrades, and (3) the amount of
oxygen remaining in the charred plant sample.
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The chemical characteristics of plant material are also altered as charring
progresses, and one could assess the degree of burning by the occurrence of short-chained
n-alkanes or by examining the amount of condensed polyaromatic structures (Darmstadt
et al., 2000; Ascough et al., 2008; Eckmeier and Wiesenberg, 2009). Char reflectance
measurements have also been used as an indicator of the degree of burning since charred
plant material exhibits increasing reflectance with increased temperatures (Scott and
Glasspool, 2007; McParland et al., 2007; Braadbaart and Poole, 2008). Furthermore, if it
is possible to extract cellulose and/or lignin from plant char, then these specific plant
components can also be used to help determine fire intensity and interpret the δ18O values
of char. Future work is required to develop a more comprehensive model that relates the
δ18O values of char to fire intensity and duration. However, the extreme change observed
in char δ18O values (up to 25.8‰) over a wide temperature range (200-900°C) suggests
that this technique shows promise as a paleo-fire severity indicator.
5.3

Future Work
Based on the results and findings of this study, future researchers investigating the

δ18O values of plant char may want to take the following recommendations into
consideration in order to develop a more inclusive model relating char δ18O values to fire
intensity and duration and enhance our understanding of the charring process. This study
examined the effects of charring temperature and duration on the δ18O values of plants;
however, it remains unclear whether or not these values will be preserved in nature. As
such, future researchers might investigate how the δ18O values of char will be altered
during burial and diagenesis in the soil environment.

For instance, there is debate
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surrounding the reliability of char reflectance measurements, given that the environment
in which char is preserved can alter its reflectance (Braddbaart et al., 2009). If soil
conditions, such as pH, can affect char reflectance measurements, it is plausible that the
δ18O values of naturally formed chars could be subjected to alteration when preserved in
soils.
Future researchers might also be interested in charring the outer and inner bark of
tree species, as bark is chemically dissimilar from trunk wood and is the most susceptible
to burning during fires. Bark includes all the plant tissues outside the vascular cambium
and is a highly complex, heterogeneous material with an active inner layer and an inert
outer layer, protecting the cambium and preventing water loss (Harkin and Rowe, 1971).
Most notably, bark contains less polysaccharides (30-48%), which include hemicellulose
and cellulose, and relatively more lignin (40-55%) than wood (Harkin and Rowe, 1971).
As such, higher lignin content might make bark more resistant to thermal degradation. In
addition, future investigators might also choose to examine the effects of charring on the
different sections of tree trunk (i.e., the cambium, sapwood, heartwood, and pith), leaf
litter, as well as C3 grass species since big bluestem, which was analyzed in this study,
was a C4 grass and has a different photosynthetic pathway.
In addition to analyzing the resulting char produced from the burning of plant
species, it would also be useful to investigate the δ18O values of the volatile gases and ash
produced as a means of tracking

18

O-displacement/depletion in char with increased

temperatures and charring duration. Shahack-Gross et al. (2008) determined that the
δ18O values of plant ash are quite low (approximately -17‰), so perhaps it would be
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most useful if future researchers were to capture volatile gases, such as CO and CO2, to
determine whether they incorporate oxygen from the fuel source and whether they
preferentially incorporate the heavy or light oxygen isotopes relative to the remaining
char. Another useful determination that could be garnered through further investigation
is the effect of initial sample size on the resulting δ18O values of plant char. Future
researchers concerned with the end result of starting sample amount on the δ18O values of
char should include differing amounts of thoroughly ground and homogenized plant
samples, as well as larger blocks of wood for tree species. It would also be beneficial to
assess the chemical changes that occur in wood during charring, and particularly in grass
species as they contain comparatively less cellulose and lignin. Lastly, intermediate
temperatures should also be tested (e.g., every 50°C) between 200 and 900°C (and
perhaps beyond 900°C), as well as thermal ramping rates and a wider variety of charring
durations in order to obtain a more detailed trend of char δ18O values and a
comprehensive model of fire severity.
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Figure 5.1 Decrease in δ18O values (‰, VSMOW) with increasing
temperature (°C) for (A) all plant species and all charring treatments, (B)
white oak (Q. alba) and red pine (P. resinosa) tree species (n.b., big
bluestem grass excluded) and all charring treatments, and (C) all plant
species charred in the muffle furnace (lid-on and lid off; 5 versus 3 minutes).
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Appendix I: X-Ray Diffraction (XRD) Plots
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